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Vanadyl dithiophosphinates and vanadyl perchlorates 
were investigated by EPR and NMR techniques to study the 
properties of the two different coordination sites of the 
vanadyl ion; namely, the four equivalent equatorial sites 
and the one axial site. The results are discussed within 
the context of previous studies. 

Chapter III gives the results of an EPR study of the 
five coordinate vanadyl complexes, bis-(dimethyldithiophos- 
phinato) -oxo-vanadium(IV), bis-(diphenyldithiophosphinato- 
oxo-vanadium(IV), and bis-(0,0'-diethyldithiophosphato) -oxo- 
vanadium(IV) in the non-coordinating solvents toluene and 


CS The EPR spectra correspond to the interaction of the un- 


51 


2 


2 
paired electron with the aap 


V nucleus and two equivalent 
nuclei. Addition of 1-5% by volume of the strongly coordin- 
ating ligands pyridine, dimethylformamide, or hexamethylphos- 
phoramide results in EPR spectra indicative of hyperfine 


interactions with the ?/v nucleus and a single ?+ 


P nucleus. 
It is shown that, in this vanadyl species, the added ligand 
coordinates at an equatorial site, resulting in a five co- 
ordinate species in which one of the dithiophosphinate 
groups is monodentate and a six coordinate species in which 
one of the chelating dithiophosphinates is rearranged so 
that one sulfur atom occupies an equatorial position and 


the other the axial position. The equilibrium constants 


and heats of adduct formation for the equatorial ligand 
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addition were determined from the EPR spectra. At higher 


ligand concentrations, the EPR spectra show no a 


P hyper- 
fine interactions which indicates that both chelating di- 
thiophosphinate groups become monodentate. Infrared and 
conductivity measurements indicated that the vanadyl dithio- 
phosphinate dissociates completely in solutions with still 
higher ligand concentrations, but that several vanadyl 
species containing one or two dithiophosphinate moieties 
coordinated to the vanadium atom are present in these solu- 
tions. 

Chapter IV presents the results of NMR line broadening 
studies of solvent resonances in solutions of vo** are Ck = 
methylformamide (DMF) and dimethylacetamide (DMA). These re- 
sults indicate that chemical exchange from axial and equat- 
orial coordination sites can control the formyl proton re- 
laxation in DMF, but axial exchange does not produce 
broadening of the methyl resonances in either DMF or DMA 
which could be distinguished from outer sphere broadening. 
The results also showed an inner-sphere broadening region 
which was attributed to relaxation by a dipole-dipole inter- 
action for the formyl proton resonance in DMF and the C- 
methyl resonance in DMA and to hyperfine interactions for 
the N-methyl resonances. These assertions were substanti- 
ated by the values of the tumbling times of the complexes 
in solution which were determined from analyses of the EPR 


Spectra of the complexes in the particular solvents. Similar 


studies of bis-(diphenyldithiophosphinato) -oxo-vanadium (IV) 


Digitized by the Internet Archive 
in 2023 with funding from 
University of Alberta Library 


https://archive.org/details/Miller1973 


in DMF and DMA are also presented in Chapter IV and indicate 
that DMA completely displaces the dithiophosphinate chelate 
from the first coordination sphere of "Own buerthat’in DMF 


at least one monodentate dithiophosphinate remains coordin- 


ated to the vanadyl ion. 
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A. General Considerations 


The chemistry of vanadium(IV) is dominated by the oxo- 
vanadium(IV) species, more commonly referred to as the van- 
adyl species. The vanadyl unit, Too remains intact in 
most environments used for chemical reactions and hence 
vanadyl coordination complexes with a large variety of 
ligands including multidentate ligands have been prepared. 
These vanadyl complexes which may be anions, cations or 
neutral complexes are often unstable in air. Surveys of 
the known vanadyl complexes have been compiled in review 
articles by Se Ubinkids 

A special aspect of the vanadyl ion is its facility to 
form both five and six coordinate complexes. For example, 
in bis-(acetylacetonato) -oxo-vanadium(IV), [VO(acac) 5], 
the vanadium atom lies at approximately the center of 
gravity of the five oxygen atoms arranged in a rectangular 
pyramid.” The axial position, trans to the vanadyl oxygen, 
is vacant in this complex but has been shown to readily 
accept a sixth ligand which has strong electron donor 
properties." /. Adducts of VO (acac) 5 have also been isolated 
in which one oxygen atom of the one acetylacetonate chelate 


occupies the axial position and the second coordinating 


oxygen occupies an equatorial position (cis to vanadyl 
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oxygen) ./"8 The remaining equatorial coordination site is 
occupied by a Lewis base type ligand. Whether the Lewis 

base occupies an axial or equatorial coordination site in the 
VO (acac) 5 adduct is probably a function of its base strength 
and its steric characteristics but no general correlations 
have been proposed. 

Differences in the coordination properties of the axial 
and equatorial sites of the vanadyl ion should also be 
reflected in the differences in ligand exchange rates from 
the two types of sites. Since one expects Lewis base co- 
eordifiation at©*the "axial sitepotrans’ toethetvanadyl poxygeny, 
to be weaker than at the equatorial sites, the rate of 
exchange from the axial site should be faster. In Chapter 
IV the results of ligand exchange studies by the nuclear 
magnetic resonance (NMR) solvent line broadening technique 
show that this is indeed the case for the vanadyl ion in 
the Lewis base solvents N,N-dimethylformamide and N,N-di- 
methylacetamide. 

The recent interest in sulphur chemistry has resulted 
in the preparation of,a variety of vanadyl complexes. con- 
taining the bidentate monothio-acetylacetonate I dithio- 


1 OR 12 = 
’ 


carbamate 1,2-dithiolene , or dithiophosphinate 


oa ligands. The results of a spectroscopic investigation 


of three vanadyl dithiophosphinate complexes are presented 
ine thisethesis.. Cm particular) the complexes studied 


were bis-(dimethyldithiophosphinato) -oxo-vanadium (IV) a 
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bis-(diphenyldithiophosphinato) -oxo-vanadium (IV) and 


bis-(0,0'-diethyldithiophosphato) -oxo-vanadium (IV) eae 
and will be referred to individually as the methyl, phenyl 
and ethoxy complexes respectively. An X-ray ae crystal 
Structure Of the mechyl, conplex: indicated that it. is struct-— 
ureiLiy similar to VO (acac) » with the four sulphur atoms 
forming the base of a rectangular pyramid and the coordin- 
ation site’ trans to the vanadyl/oxygensbeing vacant. (See 
Fig. I-1l). These complexes were conveniently studied by 
electron paramagnetic resonance (EPR) spectroscopy. The 
changes in the EPR spectra upon addition of Lewis bases to 
solutions of the vanadyl complexes are sensitive to changes 
in the coordination of the vanadyl ion. The results indi- 
cate that several distinct species can be formed when a 


Lewis base coordinates to a vanadyl dithiophosphinate com- 


plex. 


B. BPR Spectra 


EPR spectroscopy ae is a useful technique for studying 
the environment of the single unpaired electron in the 
vanadyl systems. The application of a magnetic field re- 
moves the spin state degeneracy and transitions between the 
spin states can be induced by the introduction of energy 
in the microwave region. The EPR spectrum is essentially 
a recording of energy absorptions as a function of the 


applied magnetic field strength. The spectrum of a vanadyl 
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FIGURE I-1i Structure of bis- (dimethy 1ldithiophosphinato) -Ooxo- 
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complex in liquid solutions is characterized by an iso- 
tropic g-value Jor which is a measure of the magnitude of 
the electronic Zeeman interaction, and a hyperfine splitting 
constant av which describes the interaction between the 
electron and Dida nuclear magnetic moment. Since the Hei 
nucleus has a spin or 772, the EPR spectrum consists of 
eight lines with the spacing approximately equal to av 
centered at magnetic flux B Sion See where % is Planck's 
constant ‘divided by“ 27, Wo is the spectrometer frequency 

in sec? and De is the Bohr magneton. 

The vanadium hyperfine splitting constant is pro- 
portional to the unpaired electron spin density ap at the 
vanadium nucleus. In turn, one expects this unpaired 
electron spin density to depend upon coordination at the 
vacant site of a five coordinate complex. Coordination 
of ligands to the vanadyl ion has been extensively studied, 
arias but the results give limited information because it 
is difficult to assess the site of ligand coordination from 
changes in a 

EPR results for the vanadyl dithiophosphinates are 
much more enlightening because, in addition to the may hyper- 
fine splitting, the spectra show a second hyperfine splitt- 
ing, are due to the two equivalent ahs NUCL a Oe spa, 2g 
Ps depends on the amount of overlap of the phosphorus s-type 


Orbitals and the orbital of vanadium in which the unpaired 


‘ ; : Pp 
electron resides. On this basis, changes in a observed 
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when a ligand coordinates to vanadyl dithiophosphinates can 
be directly related to the position of the phosphorus atoms 
relative to the orbital containing the unpaired electron. 
the BPR «spectra of solid ‘solutions of vanadyl: com= 
plexes indicate that the Zeeman interaction and the he 
hyperfine interaction are both anisotropic, i.e. the magni- 
tude of the g-value and the ae hyperfine splitting constant 
depend on the orientation of the vanadyl species relative 
to the applied magnetic field. These anisotropies contain 
information about the highest occupied and some of the 
lower unoccupied molecular orbitals of the complex. 74727 
The anisotropic magnetic interactions are. not. com- 
pletely averaged by the rotational motion of the complexes 
in liquid solutions, and produce variations in the line- 
widths of the hyperfine components of the EPR spectra.-° 
An analysis of the solution EPR linewidths, combined 
with the anisotropic magnetic parameters determined from 
the spectra of the solid solutions, permits the calculation 
of the reorientational correlation time, ter of the 
complex. This correlation time, which can qualitatively 
be viewed as the time required for the complex to reorient 
by 1 radian, controls the rate of numerous magnetic, relaxa- 
tion mechanisms and is intimately involved in the inter- 
pretation of the relaxation times of the nuclei on ligands 
attached to the paramagnetic vanadyl ions. These relaxa- 


tion times are Considered in detail in Chapter IV in).con- 


nection with solvent NMR line broadening by vanadyl ions. 
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Cr Electronic Spectra 


In general, the room temperature spectra of vanadyl 
complexes display three bands in the 7.5 to 30 kilokaeyser 
(KK) region which are designated Band I (11 - 16 kK), Band 


1,2 Band Lr. 1s 


Pt (14.5 — 19 kK) ana Band ITiit(20 -~-30 kK) . 
often concealed under an intense band attributed to a charge 
transfer transition. The three bands are assigned to the 
transitions from the non-bonding dy 2_ ye Orbital to the, anti= 
bonding levels on the basis of the following discussion. 
Considerable controversy still surrounds the inter- 
pretation of the electronic spectra of vanadyl complexes. 
All bonding schemes proposed for vanadyl complexes agree 
that the unpaired electron resides in a molecular orbital 
which is essentially the non-bonding 3d,¢_,2 atomic orbital 
of vanadium. However, the ordering of the antibonding 
levels to which the electron is promoted in the optical 
excitations is not firmly established. Early crystal field 
models “2 employing crystal fields of Cae symmetry appro- 
< 


‘ 2+ 
priate to VO(H,0)-', suggested the order stay * < cae 


di < d,2, but did not account for the known multiple 


bond character of the vanadyl anvens Ballhausen and Gray ae 
4 A 

presented a molecular orbital treatment of VO (H0) 2 Ln 

which the molecular orbitals were constructed from appro- 


priate linear combinations of metal 3d, 4s and 4p orbitals, 


tie 2s, 2p,5 2p, and 2D. orbitals of the vanadyl oxygen and 
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the SP, hybrid orbitals for the water oxygens. The result- 
ing bonding scheme, shown in Fig. I-2, assigns 7 bonding to 
the vanadyl unit and has served as a model for a host of 
vanadyl systems. The unpaired electron is localized mainly 
in the non-bonding ae Orbital and the antibonding orbit- 
als have the same relative order as predicted by the crystal 
field model. 

Vanquickenborne and McGlynn a performed extended- 
Huckel type molecular orbital calculations for VO (H,0) £* 
and showed that the relative energies of the antibonding 
orbitals were particularily sensitive to the 7-0 angle. A 
change of 15° caused shifts of 5-10 kK and could result in 
a ee hives of the dy Pa) and the dls qk?) levels. 
Since the 720 angle is undoubtedly changed by the coordina- 
tion of a Lewis base at the axial position of a five co- 
ordinate complex, caution is necessary when comparing the 
electronic spectra of the same complex in different sol- 


Le2y,e5 


vents or different complexes in the same coordinating 


10 ye 


solvent. Selbin has also pointed out that equatorial 
bonding may invert the order of the lM! and the do 
eS levels. This inverted order is supported by 
McCormick ue from studies of the vanadyl dithiocarbamates. 
Hitchman and Belford a have assigned the bands of 
Cis-bis—(benizoy lacetenato) -oxo-vanadium(iV) Their criteria 


for assignment was the scheme which gave the most reasonable 


values for the molecular orbital coefficients which were 
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calculated from measured anisotropic EPR parameters and 
electronic transition energies. Their assignment required 
the relative energy ordering proposed by Ballhausen and 
Gray. ‘This conclusion also agrees with the results of a 


low-temperature polarized single crystal spectrum of 
ered 3 4 
5° 


Ballhausen and Gray a have also pointed out that 


VO (H.0) 


their assignment of electronic transitions agrees with an 
assignment based on the relative intensities of the observed 
Bands: “In ae symmetry, the electric dipole vector components 
transform as the Ay and E representations and thus only 
transitions from the by ground state to excited states of 

by or € symmetries are allowed, i.e. the transition to the 

Gig yz (2) level is expected to be more intense than the 

other two transitions. The assignments proposed for the 
complexes studied in this work also agree with the expected 


intensity of the bands and show that the relative energies 


depend on the type of ligand coordinated to the vo*t UDI 


|B pe Infrared Spectra 


Infrared spectroscopy is another technique commonly 
applied in the study of vanadyl complexes. The infrared 
spectrum is characterized by a sharp intense band at 


iE 


approximately 1000 cm ~ which is attributed to the vanadium- 


oxygen erveren, ate Since the multiple bond character of 
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the VO unit is believed to arise from electron donation from 
filled Py and PB, orbitals of oxygen to empty oma and ae 
vanadium orbitals, coordination of a Lewis base in the 

axial position of a five coordinate complex should reduce 
the vanadium acceptor properties and lower the VOCE stretch= 
ing frequency. For example, addition of a pyridine molecule 


to VO (acac) 5 lowers the vanadyl V-O stretching frequency a? 


from 996 to 964 cm, The V-O stretching frequencies of a 
number of VO (acac) 5 adducts with substituted pyridines have 
been studied, and the observed shifts in the V-O stretch 
upon adduct formation fall into either of two ranges, namely 
42 + 4 em + or 29 + 4 cm7*, 8°36 s+ has also been shown 
that the complexes producing the small shift had the sub- 
stituted pyridine coordinated in the axial position, and 
that the large shift corresponded to complexes having the 
substituted pyridine coordinated at an equatorial Lee 
Infrared spectroscopy is also useful for studying 
the nature of the ligands coordinated to the vanadyl unit. 
The P-S stretches in dithiophosphinates are sensitive to 
the type of coordination in which the dithiophosphinate is 
involvea.?? This coordination may be bidentate, monodentate 
Or ionic. Thé characteristic feature of the infrared 
spectra of vanadyl complexes containing the amides N,N-di- 
methylformamide and N,N-dimethylacetamide as ligands is 
the carbonyl absorption in the region 1600-1700 cm™*, 


The changes in the absorption frequencies observed upon 
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coordination to the vanadyl ion suggest that the amides 


coordinate via the carbonyl oxygen. ieee 


E. Kinetic Studies 


The host of experimental results already quoted and 
the’ theoretical descriptions of ‘the™bondirig ‘in ‘vanadyl com- 
plexes definitely support the hypothesis that the chemical 
properties of the axial and equatorial coordination sites of 
vanadyl are quite different. It is well known that the 
axial vanadium-ligand bond is weaker than the equatorial 
bonds, since many six-coordinate vanadyl complexes release 
the ligand from the axial position when heated or dissolved 


ay 32 One would expect therefore, that the 


in inert solvents. 
rates of chemical exchange of the two types of coordinated 
ligands with uncoordinated ligands in solution would be 
rather different. 

The effect of the coordination site on the exchange 
rate can be delineated by investigating complexes where all 
five of the ligands coordinated to the vanadyl ion are the 
same. The exchange of ligands from bulk solvent to the 
inner coordination spheres of two such complexes, penta- 
(N,N-dimethylformamido) -oxo-vanadium(IV) perchlorate 


(VO (DMF) , (C10 ) and penta-(N,N-dimethylacetamido) -oxo- 


4) 2 
vanadium(IV) perchlorate (VO(DMA) ,(C10,) 4), have been 
studied and the results are discussed in detail in Chapter 


IV. When VO(DMF) <(C10,) 5 is dissolved in DMF, an exchange 
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reaction may occur in which a coordinated DMF ligand is 
replaced by a DMF molecule from the bulk solvent. Such 

a reaction involves no net chemical change but can be 
studied by NMR because it has been well established that 
NMR lineshapes are influenced by dynamic processes such as 
an exchange of nuclei between nonequivalent magnetic 


70280 The width of an NMR line depends on the 


Sites. 
transverse relaxation rate of the nuclei which in turn 

may be controlled by chemical exchange processes. Further- 
more, the nuclear relaxation rate depends on its magnetic 

interactions with the paramagnetic species and the overall 
effect, as shown in mathematical, detail in Chapter IV, is 

to broaden the NMR line of the bulk solvent. 


In tig NMR studies of the solvent line broadening by 
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vanadyl ions in O-enriched water 
two distinct types of coordinated water molecules was 
invoked in order to explain the observed line broadenings. 
The equatorially coordinated water molecules exchanged with 
those in the bulk solvent at a rate which could be deter- 
mined from the line broadening data. The broadening due 

to the second type of coordinated water molecules indicated 
that their exchange rate was considerably faster than that 
for the equatorially coordinated water molecules. This 


second type of coordinated water could be either an axially 


coordinated molecule in the first coordination sphere, or 
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water molecules in outer solvation spheres, since both 
would be expected to exhibit rapid exchange with the bulk 
solvent. NMR studies of vanadyl perchlorate in other sol- 
vents Sete and studies of vanadyl complexes in water a 
have not resolved this ambiguity. In all cases, the rates 
of the axial exchange process and second coordination 
sphere exchange were too rapid to permit quantitative 
study by the line broadening method. 

EPR studies of vanadyl acetylacetonate and its amine 
adducts in benzene solution oe have shown that the rate of 
elimination of an axially coordinated amine ligand is in 
the range 10° = 10° sec + at room temperature. The rate 
of exchange of equatorially coordinated water molecules 


42,43 


in vanadyl perchlorate solutions is in ‘the range 


107 to Ge eccl., several orders of magnitude slower than 
that observed for axial ligand elimination from the vanadyl 
acetylacetonate adducts. The rate of this latter reaction 
is too large to measure by NMR line broadening techniques, 
but was obtained from the EPR measurements. >” 

The NMR line broadening of the formyl proton in 
dimethylformamide (DMF) solutions of vanadyl perchlorate 


44,45 They 


has been reported by Angerman and Jordan. 
obtained an activation energy of 7.25 kcal/mole for the 
exchange of DMF molecules between the first coordination 


sphere of the vanadyl ion and the bulk solvent. This 


activation energy is considerably lower than the 13.7 
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kcal/mole found for the exchange of equatorial water ligands 


in aqueous solutions of vanadyl perchlorate ee: 


Similar values for other solvent ligands. 7° This observa- 


, and 


tion indicated that further investigation of the vanadyl 


perchlorate - DMF system was warranted. 
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A. Purification of Solvents 

The solvents toluene (Allied Chemical Reagent), car- 
bon disulfide (Mallinckrodt Analytical Reagent), pyridine 
(Raylo Reagent), hexamethylphosphoramide (Aldrich), N,N- 
dimethylformamide (Baker Reagent), N,N-dimethylacetamide 
(Fisher Certified) and N,N-diethylformamide (Eastman Organic 
Chemicals) were all purified by double vacuum distillation 
from phosphorus pentoxide or from molecular sieves (BDH 
type 3A) and stored under vacuum over molecular sieves. 
All solvents were subsequently transferred by distillation 
under vacuum except for hexamethylphosphoramide (B.P. = 
100°C eat76 “COEr) a which was transferred with a syringe 


under a dry nitrogen atmosphere. 


By Preparation and Characterization of Complexes 
Lye Vanadyl Dithiophosphinates Day aa 


The vanadyl complexes bis-(dimethyldithiophosphinato) - 
oxo-vanadium(IV), bis-(diphenyldithiophosphinato) -oxo-vanad- 
ium(IV) and bis-(0,0'-diethyldithiophosphato) -oxo-vanadium- 
(IV), to be referred to as the methyl, phenyl and ethoxy 
complexes respectively, were prepared by adding the sodium 
salt of the corresponding dithiophosphinic or dithiophosphoric 


acid obtained Erom Dr. R. G. Cavell, University of Alberta, 
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to an aqueous solution saturated with vanadyl sulfate 
(Fisher). The resulting blue paste was extracted with 
chloroform. The vanadyl dithiophosphinate was left be- 
hind when the chloroform was removed under vacuum. The 
ethoxy complex was sensitive to air, but the phenyl and 
methyl complexes were washed in air with ether and then 
dried under vacuum. The methyl and phenyl complexes were 
stored under nitrogen with no decomposition, whereas the 
ethoxy complex showed black deposits within 15 minutes of 
exposure to air. 

The complexes were characterized by their EPR 
spectra.” In addition the phenyl complex was subjected 


to microanalysis. 


Analysis: 
VO(S5P$5) 5: Cal Cem mG SOL Oe Fite 2 OO en ieee Ol 
bound: Cs '49 706. He -3.:/.25 oe 22022 
PAS Vanadyl Perchlorates 


VO (DMF) ~ (C10 was prepared by dissolving hydrated 


4) 2 


al oe in DMF and distilling off the 


vanadyl perchlorate 
water as a benzene-water azeotrope. Upon cooling the 
solution to =-10°C, blue crystals appeared which were col- 
lected by filtration. Drying under vacuum removed the 
excess solvent from the crystals. VO (DMA) - (C104) 5 was 
prepared by the same method with DMF being replaced by 


DMA. Characterization consisted of microanalysis. 
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Analysis: 
VO (DMF), (C10,) .: CaikGiegi**Ole 429).59 » He 5359 © Ne 211.08 


FOUNGs i Cse26 346 mele 5407/67 ON 0 9 3 


VO (DMA) .(C10,) 5 Galore «Gr: 3425 8H: 6.47 Ns 9.98 
Found? «"G:" 35). 50:a%: 6.45" Ne ~ 9.66 
chs Bis- (o-phenanthroline) -oxo-vanadium (IV) perchlorate 77 


VO(C, 5H qenge) was prepared by adding an acetone 


gg ee toa) 2 
solution of o-phenanthroline to an acetone solution of 


VO (HO) - (C10 which was acidified with dilute perchloric 


4) 2 
acid. Within several minutes of stirring, a fine green 
precipitate appeared. After cooling to -10°, the green 
powder was filtered, washed with acetone, washed with ether 
and dried under vacuum. The complex was characterized by 
microanalytical results. 

Analysis: 
Catce iG (26 0.50 Hi 2 SR Ne. o.oo 


Pounds. <s (45.87. hice 3. 4600 Ns 8.33 


4. Other Complexes 


Numerous attempts were made to prepare HMP and 
pyridine adducts of the vanadyl dithiophosphinates in 
crystalline form by adding an excess of ligand and then 
removing this under vacuum. In all cases only an oil re- 


sulted. However, when VO (acac) , was dissolved in HMP and 
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the excess HMP pumped off there remained a green powder 


which was shown to be VO (acac) .-HMP. 


Analysis: 
Cakes) VC 1 '43726)) iiss 726 


Mounas ""Cs 45 0a" SHerh/) Sa 


Thermogravimetric analysis showed the loss of one HMP 


group per VO (acac) . *HMP at a temperature of 90°C. 


C. Sample Preparation 

Solutions of the vanadyl dithiophosphinate com- 
plexes were prepared under vacuum by distilling a cali- 
brated volume of solvent (CS. or toluene) into a vessel 
containing a weighed amount of the vanadyl complex. Re- 
quired amounts of coordinating ligand were either distilled 
in (DMF and pyridine), or added with a syringe under dry 
N, atmosphere in a glove bag. The solution was then 
thoroughly degassed by several freeze-pump-thaw cycles 
and transferred under vacuum to an attached 1 cm quartz 
spectrophotometer cell for optical measurements and/or a 
4 mm pyrex tube suitable for EPR measurements. For NMR 
studies, an NMR tube was attached to the vessel and 5% 
by volume of hexamethyldisilane or cyclopentane were 
distilled in to serve as internal references to facilitate 
chemical shift measurements. All EPR and NMR tubes were 


sealed and stored at liquid N, temperature until used. 
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The vessel was constructed such that after the EPR and NMR 
tubes had been sealed, the vessel could be placed into a 
modified cell compartment of the Cary 14 spectrophotometer. 
Samples of vanadyl perchlorates were prepared in an analog- 
ous manner. 

Toluene solutions of the complexes containing pyri- 
dine consistently showed black deposits in the sample tube 
when prepared at room temperature. At lower temperatures, 
no decomposition was observed, but the EPR lines were so 
broad at these temperatures that the hyperfine splitting 
details of the spectra were not resolved. In order to 
study the pyridine-vanadyl dithiophosphinate complexes, cS, 
was used as a solvent. The much lower viscosity of CS. 
produced spectra showing well-resolved hyperfine structures 
over the temperature range -45°C to +45°C. The disadvant- 
age of using CS. as a solvent is that the complexes do not 
remain in solution as the frozen state is approached and 
glass spectra could not be obtained. 

Solutions for conductance and infrared measurements 
were prepared under bench conditions using only the most 
stable of the dithiophosphinate complexes, the phenyl 
complex. These solutions showed color changes after 
approximately a thirty minute exposure to air. Experi- 
ments quoted were completed within this time. Nujol 
mulls of the vanadyl perchlorates were prepared under dry 
N 


2 in a glove bag and the spectra recorded immediately 
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after preparation. 


Ds Instrumentation and Measurement Techniques 

Electronic and near infrared spectra were recorded 
on a Cary 14 spectrophotometer equipped with a vertically 
extended cell compartment to accommodate sample vessel 
and spectrophotometer cell. Infrared spectra were recorded 
on both a Perkin-Elmer 457 using cesium iodide plates and 
a Beckman IR-ll using 0.5 mm cesium bromide cells. 

The EPR spectra were obtained with a Varian V-4502 
EPR spectrometer equipped with an Alpha model 3093 Digital 
NMR Gaussmeter for magnetic field calibration. Normal 
precautions were taken to prevent lineshape distortion by 
excessive 100 Kc field modulation. The g-values were measured 
relative to Fremy's salt (g = 2.00550) 5i using a Varian 
V-4532 dual cavity accessory or calculated from the ratio 
of the magnetic field to the klystron frequency. Klystron 
frequencies were measured using a Hewlett Packard model 
X532B frequency meter. Both methods gave g-values which 
were equal within the experimental error. The sample was 
maintained at constant temperature (+1°C) with a Varian 
V-4557 temperature controller and the temperature was 
measured with a copper constantan thermocouple combined 
with a Hewlett-Packard 3420A DC Differential Voltmeter. 

Proton NMR spectra were recorded on Varian A60-D 


and HA-100 NMR spectrometers equipped with variable 
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temperature accessories. Sample temperatures on the A60-D 
were determined by comparison of the peak to peak separation 
of methanol or ethylene glycol samples with calibration 
charts published by Varian Associates.? Temperatures on 
the HA-100 were determined with a copper constantan thermo- 
eoupte. »in Doth cases temperatures were accurate to +1°C. 
Linewidths were measured on expanded sweeps and were re- 
producible to +1 Hz. The normal precautions were taken to 
prevent signal saturation and ensure correct phasing. Chem- 
ical shifts relative to the internal standards cyclopentane 
or hexamethyldisilane were measured directly on a 500 Hz 
sweep spectrum for the A60-D spectra whereas a Hewlett- 
Packard model 5326C frequency counter was used os obtain 
shifts on the HA-100. The accuracy of the shift measure- 
ments were limited by the error involved in determining the 
centers of the solvent resonance lines. 

Conductance results were obtained by measuring the 
resistance of a YSI 3400 series conductance cell from 
Yellow Springs Instrument Co. with an Impedance Bridge Type 
1650-A from the General Radio Company, Concord, Massachusetts. 
Thermogravimetric analyses were carried out under vacuum 
using the Dupont Model 950 Thermogravimetric Analyzer com- 
bined with the Dupont 900 Differential Thermal Analyzer. 

Chemical analysis for C, H, N and S were performed 
by the microanalytical service at the University of Alberta, 


Department of Chemistry. 
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CHAPTER LIL 


STUDY OF THE COORDINATION OF LEWIS BASES TO VANADYL DITHIO- 


PHOS PHINATES 
A. Introduction 


The formation of six-coordinate vanadyl complexes from 
five-coordinate complexes may be investigated by monitoring 
the changes in the spectroscopic properties of the vanadyl 
system caused by the addition of a Lewis base. The vanadyl 
dithiophosphinates are suitable complexes for these studies 
since the position trans to the vanadyl oxygen is vacant in 
non-coordinating solvents and this position is expected to 
accept a good electron donor group. 

In vanadyl dithiophosphinates, the single unpaired 
electron couples to the oTy and the two os nuclei and ex- 
hibits a 24 line EPR spectrum in non-coordinating solvents. 
(See Fig. III-1). Additions of small amounts of Lewis base 
Produce dramatic changes in the ae hyperfine structure of 
the EPR spectra. The changes were found to be reversible 
and to vary with temperature and ligand concentration. The 
results could not be accommodated by the simple model pro- 
posed in studies of adducts of vanadylacetylacetonate with 
Lewis bases aan in which the Lewis base coordinates to the 
vacant trans position of the vanadyl complex. Instead, 


changes in the arrangement of the chelating dithiophosphinate 


groups about the vanadyl ion must occur if the measurements 
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of the dithiophosphinate complexes are to be explained. 

The EPR studies of the dithiophosphinates and their 
reactions with Lewis bases in solution are described in this 
chapter. The magnetic parameters which characterize the vari- 
ous vanadyl species and the determination of these parameters 
from the EPR spectra are discussed in the context of the 
relevant theory of EPR in section III-B. The experimental 
measurements are described in section III-C, the results ob- 
tained from these measurements are given in section III-D 
and the interpretation of the results and their implications 
in the chemistry of vanadyl dithiophosphinates is given in 
section III-E. 

The visible spectra of the vanadyl dithiophosphinates 
show changes when the coordination about the vanadyl ion is 
modified. In the following sections, the electronic spectra 
of the various vanadyl species are given, the major transi- 
tions assigned and the transition energies are used in con- 
jugation with the measured magnetic parameters to gain some 


insight into the MO occupied by the unpaired electron. 


Be Theory 


A general spin Hamiltonian for vanadyl dithiophosphin- 


ate complexes is 
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> 
where 8, is the Bohr magneton, S is the electron spin oper- 


> 
ator, g Ys the Zeeman Interaction tensor, Bois the £lux’ of 


the applied magnetic field and f is Planck's constant divided 


& “> 4S 
af 


by 927. Tir Ini p2 are respectively the nuclear spin 


operators for the ay nucleus (spin 7/2) and the two oy 


Mec Le. “Sperm L/2)" pie a and nee are the nuclear-elect- 


ronic hyperfine interaction tensors for the Soa) and the two 


ah nuclei respectively. 
The observed EPR spectra of the vanadyl dithiophosphin- 
ates in solid solutions indicate that both the Zeeman and 


ey hyperfine interactions have axial symmetry and that the 


ne hyperfine interactions are isotropic. It is then con- 
venient to expand the tensor interactions into individual 


terms and write the spin Hamiltonian as 


“aw 
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where 96 is the angle between the molecular symmetry axis 
and the laboratory z-axis, eat and 3) are the g-values par- 
allel to and perpendicular to the symmetry axis respectively, 


and ay and ay are the aay parallel and perpendicular hyper- 


: = EZ 
fine splitting constants (in sec a ae and A are the 


Le. 3t 
isotropic hyperfine splitting constants for the two 1% 


nuclei (in sec}. The solution of the Schrodinger equation 
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for the spin system represented by the Hamiltonian (III-2) 
in an appropriate set of basis functions, gives the allowed 
energy levels of the spin system. The electron spin tran- 
sition probabilities between the states can be calculated 
by using time dependent perturbation theory it to describe 
the effects of the oscillating microwave field which is 
applied in a direction perpendicular to the static field B 
in an EPR experiment. The result is an EPR spectrum des- 


cribed by the resonance condition yee 


v2 Z v2 
g8oB Vv ee ald PiucAi 4) 2 
Wo = + AM, + - (T(7 +1) -M, J 
iz 4g8.B ie 
x APM, - aPeu ; (I7i1—3) 
where gt = gjsin®e + g} cos” 98 , (III-4) 
and 2 v2 24 2 a 
gA = eit ay sin 29 + g] A} |cos’ 8 : (III~-5) 


In equation (III-3), w. is the spectrometer operating fre- 
quency in sea" Ye B is the applied magnetic flux in Gauss, M, 
is the vanadium nuclear spin quantum number, I has the value 


The ae Mp} and M are the phosphorus nuclear spin quantum 


P2 
numbers, The aay hyperfine interaction is considered to 


second order 2 while the as hyperfine interactions appear 
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only to first order since the corresponding second order con- 
tributions are very small. 

Since the 2ip interactions are isotropic, the aniso- 
tropic information is all described by the first three terms 


of equation (III-3). It is therefore convenient to consider 
the field positions B at the centres of each of the */p 


M, 


superhyperfine multiplets. The spectrum arising from 
molecules whose molecular axes are parallel to the applied 


magnetic field is described by the resonance condition 
2 
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(III-6) 
which is obtained from equation (III-3) with @ = Q. Setting 


6 = 1/2, one obtains the resonance condition for the per- 


pendicular spectrum 
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(III-7) 
Usually, the values of the magnetic field, B for a 


My’ 
resonance of given M, value can be measured experimentally. 


The hyperfine constant for the parallel lines in the spectrum 


is expressed to a good approximation by 
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where Ay is the hyperfine splitting in sec + and ay is 

the splitting in units of Gauss. Units of Gauss are usually 
used when comparing splitting constants of various systems 
eaca units of sec + are convenient in expressions describ- 
ing relaxation interactions as will be shown in Chapter IV. 
An expression similar to equation (III-8) can be given for 
ay and a) which characterize the resonance lines in the 
perpendicular spectrum. Since the vanadium hyperfine splitt- 
ing constant is negative 28s the lowest field multiplet 
corresponds to M, = -7/2. 

The g-values are determined from spectra recorded 
using a dual sample cavity, in which the sample of interest 
experiences the same magnetic flux and microwave frequency 
as a reference sample. The magnetic field at resonance for 
the standard, Bor is different from that of the sample, 


M,’ 


sample g-value. The resonance condition for the sample is 


B if the standard g-value, Sor is different from the 
given by equation (I1I-3) and that for’ the reference by 


W = pee ss = 
° i Pa B, . (III-9) 


Combining equation (I1Ii-9) with (III-6) and (111-7), one 
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obtains the following expressions for the anisotropic g- 


values. 
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In equation (III-10) the field values eM, correspond to the 
parallel spectrum and in equation (III-11) they refer to the 
perpendicular spectrum. After determining ay and ay from 
equation (III-8), the anisotropic g-values are dm Ghidsed 
by an iterative procedure using equations (III-10) and 
CLireri)-. 

In liguid solutions, rapid molecular reorientations 
average out the anisotropic Zeeman and hyperfine interactions 


and the effective spin Hamiltonian is 
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where g, is the isotropic g-value and ee is the Gs LSOLEOpic 


hyperfine splitting constant. Again the solution of the 


Schr6dinger equation in an appropriate basis set yields the 
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energy levels of the spin system and the allowed spin transi- 
tions are determined by considering the oscillating micro- 
wave field as a time dependent perturbation. The results 
show that the EPR spectrum in solution is described by the 


Be 28 
resonance condition 
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Since the ae interactions are adequately described by a 
first order interaction, the separation between the reson- 
ance lines arising from molecules with different far nuclear 


spin quantum numbers, but the same value of My, will be 


equal. These separations in Gauss give the values of Ae 
and om the ae hyperfine splitting constants in units of 
Gauss. The values can be converted to units of sec + by 


multiplication by the factor g,8,.At.- As in the analysis of 


the anisotropic spectra, it is convenient to consider the 


field positions B at the centres of the wine: superhyper- 


M, 


fine multiplets in order to determine g, and A, from spectra 
recorded with a dual-sample cavity. By considering the 


resonance conditions at B and Pam! ene@derives= tiem esi t 
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where ee is the ae 


V hyperfine splitting in units of Gauss. 
Combining equation (III-13) with equation (III-9), one 


obtains the following expression for g,. 
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V , ; 
A, and g, are calculated by an iterative procedure using 
equations (III-14) and (III-15) for each pair of M, and -M, 
resonance lines. The average of the four results is the 


value reported. The isotropic oi 


V hyperfine splitting which 
is determined from the spectrum in liquid solution is re- 
lated to the anisotropic splittings determined from the glass 


spectrum by 


oe (Ay + 2a) /3 (TRE+I6) 


Semniiarrly “tie LsOtLLopie and anrsouropre G-Values are réelaced 


by 
Go = (S| + 29 nhs 3 (III-17) 


Another feature of EPR spectra of vanadyl complexes 
in liquid solutions is the variation of linewidths with the 
vanadium nuclear spin guantum number Me The general line- 
width theory developed by Kivelson and coworkers eB ict Lona 
cates that electron spin relaxation in dilute e197 2 M) oxygen 


free solutions is caused primarily by the modulation of the 
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anisotropic Zeeman and ey hyperfine interactions by the 


rotational motion of the molecules 28 and by collisional 
modulation of spin-rotational interactions.>’ Incomplete 
averaging of the anisotropic interactions results in lines 
whose widths vary with Moe The peak-to-peak derivative 


linewidths of the hyperfine lines, AB can be fitted to the 


M,’ 


equation 


2 3 
AB =a +B + ¥ + 6 f (III-18) 
M My, M, M, 


using a least squares procedure to determine a, 8, vy, and 6. 
These linewidth parameters are functions of the anisotropic 
magnetic parameters and the rotational tumbling time ae 


is 


The transverse relaxation time for the electron To 6 


related to the peak-to-peak width AB by 


T,. May be calculated from the a, 8, y or 6 values combined 


with the measured anisotropic parameters. An expression for 
ae is also given by the Debye theory of rotational relaxation” 


as es 

al fa eee (III-20) 
3kT 
where n is the coefficient of viscosity, r is the hydrodyn- 
amic radius of the molecule, k is the Boltzman constant and 


T is the absolute temperature. Equation (III-20) indicates 


that the linewidth depends on the molecular dimensions of 
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the vanadyl complex. 

The basic relationships given above will be used in 
subsequent sections to analyze the experimental EPR spectra 
of the vanadyl dithiophosphinates, and in Chapter IV to 


analyze the spectra of the vanadyl perchlorates. 


Cs Experimental Measurements 


The majority of the experimental work involved the 
recording of the EPR spectra of the vanadyl dithiophosphin- 
ates in solid and liquid solutions. All solutions were 
prepared as described in Chapter 2. First, the EPR spectra 
of the complexes in the non-coordinating solvents toluene 
and CS. at several temperatures were recorded in order to 
characterize the five coordinate complexes on the basis of 
their magnetic parameters. Next were recorded at several 
temperatures the EPR spectra of the vanadyl dithiophosphin- 
ate complexes in toluene which contained a small amount (5% 
by volume) of HMP and DMF. Since the spectra in small 
amounts of pyridine in toluene at room temperature indicated 
decomposition of the vanadyl complexes, the complexes were 
investigated in pyridine-Cs,, mixtures in the liquid range 
of CS, CellC Aor). nue Shane conditions, no indica- 
tion of decomposition was observed. The cases of the 
methyl and phenyl complexes in pyridine/cs, were also 


studied at constant temperature as a function of pyridine 


ait) bevlovns 22 OW fasnomiionks, pbs co hasten ot 
~Hidqeongoids tb {ybenev odd Io siioege AS: oe ce 
| etsw anotsuloe DIA | .gu0t dior biupil bas 61 : 
sitosqe AW os ytext4 | «S$ sodas at Bedisoe | 
steslos atnsiv los pittnn tetoesr hon orig ni 

od 4obto mE babioos+ e18w eouitexsqmod) Led 


to atesd st no Boxe Lao oan tbx009) ont 


ee.) 3 UMS Lisme 8  Sentaiaon ma nh | 


¥ - ' 


i Lesie mt putpege, vod sf | 
bets tdat stvtetegmes og e nae wy zi . 


Spaex ‘eight ond whe utxim 
“eo tbh on «20083 LBio ee +38 


vis 


é y 
a i = 

Oe Po : WEerUsy 7 : 

: » i.» t 

Oe Fae ‘ *. naan Ls 
: a 2 7 , Pp ‘ a 

‘ J a , cae 

ae y Ei: i ¥.. pee 
— 7 sr at -_ y > oe ; _ 
. art a, an Pe Bs ates 
Oe yy q , 
7 7 che, 


ade | 
a 


s ” Ae -_ te / 
= % ‘ - 
¢ — on ~~ ¥ 


34, 


concentration (0.1% - 5.0% by volume). The complicated 
spectra in the mixed solvents were analyzed with the support 
of computer synthesized spectra. Finally, the EPR spectra 
of the complexes in the pure Lewis bases HMP, DMF and 
Pyridine were recorded. Portions of the solutions prepared 
for the EPR samples were simultaneously transferred to a 
spectrophotometer cell for the recording of the electronic 
spectra. Additional solutions were prepared if larger 
complex concentrations were required to give adequate 
electronic absorption spectra. 

The results of the EPR investigation were comple- 
mented by infrared studies. Infrared spectral investigations 
were limited to the pyridine-Cs,, solvent system which is 
relatively free of absorptions in the regions of interest. 
The vanadyl V-O stretching frequencies for the phenyl and 
methyl complexes in cs. and 5% pyridine/Cs, were recorded. 
In addition, the symmetric P-S stretching frequency of the 
phenyl complex in CS. was recorded as a function of added 
pyridine. This P-S stretch is sensitive’ to the type ‘of 
coordination of the dithiophosphinate group. 

Solutions of the complexes in mixed solvents and 
pure Lewis bases were tested for the presence of ionic 


species by conductance measurements at room temperature. 
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De Results 
i Analysis of EPR Spectra in Toluene and CS 
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Changes in the coordination in vanadyl complexes 
generally affect the magnitudes of the magnetic parameters 
which are manifest in the EPR spectra. To isolate the 
changes that occur when a Lewis base coordinates to the five 
coordinate vanadyl dithiophosphinates, it is necessary to 
characterize the free complexes by their magnetic parameters 
in non-coordinating solvents such as toluene and CS... 

The EPR spectra of 10% MO SsOlucions Of ene three 
vanadyl complexes in toluene at 30°C are shown in Fig. III-l 
and are similar to those reported previously by other 


14, 16-18 


workers. These liquid solution spectra consist of 


eight lines due to the interaction of the unpaired electron 


with the ot 


V nuclear spin (I = 7/2); each of these eight 
jines is further split into /a 1:2:1 triplet. of lines. .by the 
interaction of the electron with two equivalent a: nuclei 
(I = 1/2). Some of the 24 possible lines are not resolved 
in the spectra of the ethoxy complex because the phosphor- 
us hyperfine splitting is approximately half as large as 
the vanadium splitting so that there is considerable over- 
lapping of lines. The spectra in CS, are similar to those 
in toluene, but the lines were narrower because the CS, 
solutions are less viscous. 


The aSOLrOpLc magnetic parameters are readily deter— 


mined from the spectra in Fig. III-1l using the methods 
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FIGURE (Lita) (sBER spectra of nog M liquid 


solutions of the vanadyl. dithiophosphinate 


complexes in toluene at 30°C. 


(a) bis-(dimethyldithiophosphinato) -oxo- 


vanadium(IV) ; 


(b) bis-(diphenyldithiophosphinato) -oxo- 


vanadium (IV) ; 


(c) bis-(0,0'-diethyldithiophosphato) -oxo- 


vanadium(IV). 


The experimental spectra are shown above 


the computer simulations in each case. 


200G 
——_— 


Ones 


~ € 


—— ‘ "aol 1 


4 : , ite inl, a : 
Lip athens WML Wt SPL Ne MRR CMG TT 


OL ee tame : : Ae 


/ 
' 
‘ 
ry . a 
F 4 ae 

uk ; 

i : —— vs } ; 
at : ~~ ow - : oy ; sf 


38. 


described in the previous section. The phosphorus hyper- 
fine splitting a (Gauss) is simply the spacing between the 
components of the triplet. aN and g, are calculated from 
spectra recorded using a dual-cavity by an iterative pro- 
cedure using equations (III-14) and (III-15). The values 
of the isotropic magnetic parameters for the toluene and 
CS. solutions of the three complexes are given in Table 
III-1. The magnitudes of the variations in these para- 
meters with temperature is similar to that observed for 


28 and indicates that the molecular structure 


VO (acac) 5 
does not change with temperature. 

The relative widths of the various lines in the 
spectrum were estimated from the peak-to-peak intensities 
of the lines. Measurement of the width of one of the 
lines which is relatively free of overlap on an expanded 
field sweep gave an absolute width from which estimates 
of the absolute widths of the various hyperfine lines were 
obtained. This procedure assumes the Viheshapes are 
Lorentzian, in which case the product of the height and 
the square of the width is a constant. This method is 
inaccurate at low temperatures where the intensities are 
affected by overlapping of adjacent lines and for spectra 
of the ethoxy complex where overlapping of lines is severe. 

Since the overlapping of lines in the spectra of 
the ethoxy complex and the variation of the linewidth of 
the hyperfine components introduces significant error in 


the calculation of ay and ae the observed spectra were 
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compared with those synthesized by a digital computer. The 
computer program (see Appendix C) sets up a stick spectrum 
from input hyperfine splitting constants and assigns to each 
line a Lorentzian lineshape with a width characterized by 
an input parameter. Adjustments are made in the hyperfine 
splitting constants and linewidths on successive simulations 
until the agreement between the observed and calculated 
Spectra is satisfactory. The calculated spectra which agree 
best with the observed ones are shown below the experimental 
Spectra in Fig. III-l. The excellent fit for the spectrum 
of the ethoxy complex shows that this method allows the 
determination of splitting constants and linewidths under 
conditions of significant overlap. For cases where there 
is a minimum of overlap, the hyperfine splitting constants 
determined from the computer synthesized spectra agree 
with the values determined by direct calculation. The line- 
widths determined from the computer synthesized spectra are 
given for the three complexes in Table III-2. The much 
smaller linewidths of the methyl complex can be attributed 
to its small molecular radius compared to the radii of the 
phenyl and ethoxy complexes. The linewidth decrease with 
increasing temperature results from the decrease in solvent 
viscosity and the consequently smaller 1, values at higher 
temperatures. 

The EPR spectrum of the phenyl complex in toluene 


at -150°C is shown in Fig. III-2a. a’ is measured directly 
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DABLE  ybt—2 


EPR Linewidths in Gauss of Hyperfine Components of Vanadyl Di- 


_thiophosphinates at Various Temperatures in Toluene and CS. 


_ Methyl Complex in Toluene 
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Methyl Complex in CS 
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TABLE III-2 (continued) 


Phenyl Complex in Toluene 
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Ethoxy Complex in Toluene 


Temp °C -7/2 =5/2 -3/2 -1/2 a SYP 572 T/2 
0 Ube (as) 14.3 TPIS NPE We Te Ne Arche ae O88 hes a 9 OE Re ae 2243 
30 Teas a TO DOCCGY. UD eas. VL asc Lien 


te Pe Oe os tata aN 


st. she. SNe ‘dnan ae 


a ert 


SSE COE OE se r, st yy nla 
{£8 8.0 SSE, L858 yee g $8.8. a 
c.er €.9f O.or bOne BOSS) (RE wo 


f.6L BOL 08,8 VO,3 88.0 FES eta 
2.00 18.8 Bey Shia Soe GR” Tele 


(A ee 9 


cate a manner hae eer ee Ip hea | j " 94 . 3 : % . 


Se tNe Ne SNE fiers: eee | Me 
eff bes beet eke Ve OL | LEE | 3.6L 
c.0s  V8h Vel Se0t eg.8 sexe ee 2.n 
rts evan 0, eam e 88.8 Ee ye 
heal Off Ro Mes c Od,¢  eo.8  Gaee 
e.21 8.89 88.0 BBLy Bee BOLT ee 
ME Bath B04 BHT eae -aa.d ERT ; 


f.SS  §.8f 0.2L CSF: Fee. hea F Cdl ate ) a ee 
S.0e BSL evb) Zeek: Sloe) aoe 'Rebe BOR OE. i 
do... ..Beunktac) a Letina 4 


‘ a eo m= cite ig ; a 
' 4 a » f : : , Le : 7 
P ; 5 ay: (a ; vas aad : 
a | é : ao a i] 
Cr PS. ow , Lo jeter, S : 
7 { 7, * : ; ; ‘ : 7 a 7 7 ey. 


43. 


TABLE III-2 (continued) 


Ethoxy Complex in Toluene (continued) 
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of bis-(diphenyidithiophosphinato) - 
oxo-vanadium(IV) at -150°C in (a) tolu- 


ene and (b) 5% HMP/toluene. 
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as the spacing of the components of the triplet of the par- 
allel spectrum. The value is equal to that found in the 
liquid spectrum. Some of the previous EPR work 18 indicated 
that the 7 hyperfine interaction was anisotropic, but the 
observed isotropic phosphorus splittings do not agree well 
with those predicted from the anisotropic splittings. Since 
there is considerable overlapping of lines in the perpendi- 
cular part of the solid solution spectrum, only cae and Ay 
are determined directly from the spectra. Values for 3) 
and Ai were computed from the isotropic parameters using 
equation (III-16) and (III-17). The magnetic parameters 
determined from the glass spectra are given in Table III-3. 
Values for solid cs, solutions could not be obtained because 
the vanadyl dithiophosphinates became insoluble as the CS. 


freezing point was approached and the EPR spectrum of the 


solid consisted of a single broad line. 


2G Analysis of EPR Spectra in Mixed Solvents 


The appearance of the EPR spectra of the vanadyl com- 
plexes is changed dramatically when a small amount of a 
strongly coordinating ligand is added to the solution in an 
“Bart solvent at room temperature. The triplet structure 
superimposed on the vanadium hyperfine components is re- 
placed by a doublet pattern indicative of a species in which 
the unpaired electron is interacting with only one phosphor- 


us nucleus. See Fig. IIlI-3a. Furthermore, the phosphorus 
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FIGURE III-3 EPR spectra of 107~ M liquid 
solutions of bis-(dimethyldithiophosphinato) - 
oxo-vanadium(IV) in 5% HMP/toluene at various 
temperatures. The experimental spectra are 
shown above the computer simulations in each 
case. Stick spectra for the two dominant 
vanadyl species are shown at the bottom of 


the figure. 
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splitting has decreased substantially compared to the split- 
tings observed in solutions without added ligand. 

The EPR spectra of ton M solutions of the methyl com-— 
plex in 5% HMP/toluene solution at various temperatures are 
shown in Fig. III-3. The doublet patterns are observed in 
Che mange) 0 C toi30 °C.) Below -0°C,. ‘the’ spectral tines) be- 
come broad and poorly resolved. As the temperature of the 
solution is increased a triplet hyperfine pattern begins 
to appear and the doublet pattern decreases in intensity. 
See Fig. III-3b. At 120°C, the doublet structure is very 
weak and the spectrum consists predominantly of triplets, 
indicating that the unpaired electron is interacting with 
two equivalent 2p nuclei. Since the magnetic parameters 
describing this spectrum are identical to those for the 
vanadyl complexes in the absence of HMP, it is logical to 
conclude that this high temperature spectrum in 5% HMP/ 
toluene solution arises from the vanadyl dithiophosphinate 
complex which is uncoordinated by HMP. Cooling the sample 
back to 0°C gave an EPR spectrum which was identical to the 
Original spectrum at ‘0°C. 

The appearance of the spectra of the vanadyl complexes 
in 5% HMP/toluene at 0°C and at 120°C suggests that the 
spectra obtained at intermediate temperatures are super- 
positions of doublet and triplet patterns. The doublet 
phosphorus splittings in the low temperature spectra were 


determined by fitting the observed spectrum at 0°C with 
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computer synthesized spectra. With these phosphorus’) split- 
tings, the triplet phosphorus splittings and the line- 
widths of the various hyperfine components from the corres- 
ponding triplet spectra in toluene, computed spectra for a 
mixture of the two species with one and two phosphorus 
splittings were generated. Since the g-values of the doublet 
and triplet spectra are different (see Table III-4), a field 
shift between the centers of the two spectra to be super- 
imposed was incorporated in the spectral computation. The 
relative proportions of doublet and triplet spectra were ad- 
justed until the agreement between calculated and observed 
was satisfactory. The individual synthesized doublet and 
triplet spectra and the weighted sum of the two spectra 

that constitute the calculated spectrum in Fig. III-3b are 
Shown in Fig. IIi=4. 

The linewidths of the doublet species obtained in 
pyridine/CS, solutions of the methyl complex were studied 
from -45°C to +45°C. In all cases, the linewidths of the 
doublet species were larger than the linewidths of the 
triplet species in CS, solutions of the methyl complex at 
the same temperature. Since the amounts of pyridine 
required for predominance of the doublet species were small 
(1-5%), these differences could not be attributed to 
solution viscosity Secvenceen | Detailed studies of the 
linewidths of the doublet species obtained in the HMP/tol- 


uene and DMF/toluene systems were not carried out because 
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TABLE III-4 


Isotropic Magnetic Parameters’ for Vanadyl Dithiophosphin- 


ates in 5% HMP/Toluene and 5% Pyridine/Cs, at 30°c!! 


Substituent of 5% Pyridine/Cs,, 5% HMP/Toluene 


Dithiophosphinate Se a a co aw Ay 
Methyl 19:74 95307 24597 ab.970 woOel (24.0 
Phenyl 19 45 ISSO tL sone OG LOOw 2 (242.5 
Ethoxy 1.976 VETS 7 2001) 1 oy ooo Mar oi 


Hyperfine splittings are in Gauss. Estimated errors 
abet) /5iGauss #forjspliteings and) t .001, for g-=values 
Wey 

Only the ethoxy dithiophosphinate in 5% DMF/toluene at 
30°C gives a predominantly doublet spectrum with 

Gout ethsO75 a = 97.5 Gauss and a® = 35.0 Gauss. Other 
dithiophosphinate complexes give only triplets in 5% 


DMF/toluene. 
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PIGURG I1li-4 Computer sinulated EPR spectra of bis-(di- 
methyldithiophosphinato) -oxo-vanadium(iV) in 5% HMP/tolu- 
ene at 60°C. (a) Doublet spectrum; (b) triplet spectrum; 


(c) sum of doublet and triplet spectrum. 
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the addition of large amounts of these ligands to the 
solutions would be required in order for the doublet species 
to predominate. The estimation of doublet linewidths, in 
solutions containing considerably less ligand, from the 
linewidths obtained from solutions where the doublet species 
predominates is difficult because the solution viscosities 
are often very different. Instead, it was assumed that 

the linewidths of the doublet species in HMP/toluene and 
DMF/toluene solutions can be approximated by those of the 
triplet species in pure toluene at the same temperature. 
This approximation leads to small errors in the determina- 
tions of the relative amounts of doublet and triplet species 
from comparison of calculated and observed spectra. The 
calculated spectra which agreed most closely with the 
observed ones are shown in Fig. III-3, and the magnetic 
parameters characterizing the doublet species are given in 
Table III-4. 

Further changes occur in the vane hyperfine structure 
when solutions containing a small amount of Lewis base are 
frozen and the glass spectra recorded. The EPR spectrum of 
the phenyl complex in 5% HMP/toluene (see Fig. III-2b) 
shows no phosphorus splitting at all. However, the spectrum 
of the methyl complex in the same solvent showed a mixture 
of several species whose individual magnetic parameters 
could not be measured. The spectra of the ethoxy complex 


in 1% HMP/toluene indicated the presence of two species - 
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one without phosphorus hyperfine splitting, and another with 
splitting due to one phosphorus nucleus. See Fig. III-5. The 
relative intensities of the singlet and doublet patterns 
were altered by changes in the HMP concentration, with a 1% 
HMP/toluene solution yielding a spectrum composed of pre- 
dominantly doublets. See Fig. III-5. The a’ value deter- 
mined from the glass spectrum and the average of the aniso- 
ELOp1LC oe hyperfine splittings computed using equation 
(III-16) are equal to the respective isotropic values deter- 
mined from the doublet spectrum of the liquid. The glass 
spectrum of the phenyl complex shows a singlet pattern 
in both 5% DMF/toluene and 5% pyridine/toluene solutions, 
although the spectrum of the methyl complex shows a com- 
plicated mixture in both solvent systems. The ethoxy com- 
plex in 5% DMF/toluene has a singlet glass spectrum, while 
in 5% pyridine/toluene the spectrum shows two patterns - a 
Singlet and a doublet. aP is again equal to the af. value 
determined for the doublet species in the liquid spectrum 
of the same sample. These results point out that vanadyl 
complexes in solid solutions in 5% Lewis base/toluene pro- 
duce two species - one giving rise to a doublet spectral 
pattern and a second giving rise to a singlet pattern. The 
magnetic parameters of the observed species in the various 
solvents are compiled in Table III-3. 

The EPR spectra of the vanadyl dithiophosphinates in 


pyridine, DMF and HMP glasses all show the absence of any 
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FIGURE III-5 EPR spectra of 107° M solid solutions of 
bis-(0,0'-diethyldithiophosphinato) -oxo- 
vanadium(IV) at -150°C in (a) toluene; 
(b) 1% HMP/toluene; 
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5% HMP/ TOLUENE 


200 Gauss 
——4 


100% HMP 


FIGURE III-5 (continued) 


(c) 5% HMP/toluene; (d) HMP. 
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phosphorus hyperfine interaction. The spectra of the phenyl 
complex in the three solid solutions are shown in Fig. III- 
6. The magnetic parameters for these singlet spectra for a 
given complex are equal, within experimental uncertainty, 
to those for the singlet spectra in 5% Lewis base/toluene 
solid solutions (compare the values in Table III-3). Further- 
more, the spectra of the complexes in pyridine, DMF and HMP 
at 30°C consist predominantly of eight singlet hyperfine 
lines with magnetic parameters equal, within experimental 
error, to the average of the anisotropic parameters obtained 
from the glass spectrum for the same complex-solvent system. 
The spectra of the phenyl complex in HMP at 116°C and in DMF 
at 30°C are shown in Fig. III-7. The singlet hyperfine 
patterns remain singlets within the liquid range of HMP and 
DMF, but in pyridine the spectrum shows a mixture of doublet 
and singlet patterns at higher temperatures as shown in 
Fig. III-8. The behavior of the methyl and ethoxy complexes 
in pyridine, HMP and DMF is similar to that of the phenyl 
complex in pyridine except that the doublet pattern appears 
at lower temperatures for the methyl complex. The isotropic 
Magnetic parameters for the singlet patterns are compiled 
in Table III-5. 

The EPR spectra of the methyl complex in pyridine/Ccs, 
mixed solvents at -45°C and in neat pyridine at 30°C are 
shown. in Fig. [Lio ) .tyisvclear that the doublet spectrum 


observed at low concentrations of pyridine decreases in 
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PIGURE fIT-6 j8PRuspectra of 107? Meeolide solutions of bas— 
(diphenyldithiophosphinato) -oxo-vanadium(IV) at 
=150°Clas (a) HMP 3 “ib) pyridine; (c) (DMF. 
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30°C 


200 Gauss 
———— 


90°C 


EPR spectra of roe 


M liguird solutions of 
bis- (diphenyldithiophosphinato) -oxo-vanad- 
ium (£V) in pyridine at 30°C and. 90°C: The 
stick spectra for the two dominant vanadyl 


species are given at the bottom of the 


figure. 
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FIGURE III-9 EPR spectra of Lon M liquid solutions 
of bis-(dimethyldithiophosphinato) -oxo-vanadium(IV) in 
pyridine/cs., mixtures of various compositions at -45°C. 
~The spectrum in 100% pyridine was recorded at 30°C. 
The stick spectra for the two dominant vanadyl species 


are given at the bottom of the figure. 
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Isotropic Magnetic Parameters of Vanadyl Dithiophosphinate 


Complexes in Coordinating Solvents 


Complex PyrECyne FaET30°C DME CAEN Z02C HMP +atVile °c 
Fo ay cE ae Jo at 
Methyl 1.9740 FS iS EF9666C1LUPEOTTUsIECST© TLS +9 
Phenyl 1.9741 95°28 TSG A9 2s ele G0on) Lib. 8 
Tek cae 
Ethoxy L¥9738 IonN6 PE9652°5003 .0+T1 29675-5109 88 
+ 


Hyperfine splittings are in Gauss. Estimated errors are 
+ 0.5 for hyperfine splittings and + .0005 for g-values. 
yy Spectrum is predominantly doublets. Parameters are those 


of the doublet species with ae = 30.0 Gauss. 
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intensity as the pyridine concentration is increased and a 


new spectrum appears which has no 


P hyperfine structure. 
The magnetic parameters of the singlet are equal, within 
the experimental error, to the magnetic parameters of the 
methyl complex in pure pyridine. A close examination of 
the spectra of the vanadyl dithiophosphinates in liquid 
toluene solutions with low HMP concentrations indicates the 
presence of peaks of low intensity which are not accounted 
for by the dominant doublet and triplet spectra. See Fig. 
IITI-3c. These weak lines occur at positions which are very 
close to those found in the singlet spectra of the complexes 
in solutions with high HMP concentrations. It appears that 
in all cases, when a Lewis base with strong electron donor 
properties is added to the toluene solutions of the vanadyl 
dithiophosphinates, three species, each with a dramatically 
different EPR spectrum, are present. 

The preceding description of the experimental re- 
sults has concentrated on the effects of the ligands HMP, 
DMF and pyridine on the EPR spectra of the vanadyl dithio- 
phosphinate complexes. Experiments have also been per- 
formed with other ligands which are less strongly coordin- 
ating. In toluene solutions containing various concentra- 
tions of dimethyl sulfoxide, phosphoryl chloride, triphenyl- 
phosphine oxide or trimethyl phosphate, the EPR spectra 
indicated the presence of more than one species and most of 
the lines could be ascribed to singlet, doublet or trip- 


let cB hyperfine patterns. See Fig. III-10. Detailed 
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FIGURE III-10 EPR spectra of oles M liquid solutions of bis- 
(dimethyldithiophoshpinato) -oxo-vanadium (IV) 
in 10% dimethyl sulfoxide/chloroform at 60°C 
and bis-(0,0'-diethyldithiophosphinato) -oxo- 
vanadium(IV) in 10% trimethyl phosphate/tolu- 
ene at 40°C. The stick spectrum of the doub- 
let pattern is shown below the experimental 


spectrum in each case. 
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analyses of the behaviour of the dithiophosphinate complexes 
in these solvent systems were not carried out since the HMP, 
DMF, and pyridine systems typify the results to be expected 
in other cases, and a clear separation of the different 
species was possible in the HMP, DMF, and pyridine solutions 
by variations in ligand concentration and sample temperature. 
It has been reported rk that the ethoxy complex is 
unstable in ethanol solutions. An investigation of the EPR 
spectra of both phenyl and ethoxy complexes in ethanol 
showed that the phenyl complex gives triplet ah hyperfine 
splitting, while the ethoxy complex shows a mixture of 
doublet and triplet hyperfine patterns whose relative in- 
tensities vary with the temperature. See Fig. III-1l. The 
behavior of ethanol is similar to that of DMF which pro- 


duced a mixture of doublets and triplets only with the 


ethoxy complex. 


3) Analysis of Optical Spectra 


The visible and near infrared spectra of the phenyl 
complex in several solvents are shown in Fig. III-12. The 


spectrum in toluene displays bands at 14.3, 17.1 and 24.4 kK 


which are characteristic of vanadyl complexes. In contrast 
4 60 
to the spectra of VO (H0) £ 3n and VO (acac) 5 , the 


spectrum of the phenyl complex in toluene has a low inten- 
sity shoulder on the low energy side rather than on the 


high energy side of the intense band at 17.1 kK. However, 
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PIGURE} Ili-11. EPR spectra of sa Be M liquid solutions of 
bis-(0,0'-diethyldithiophosphinato) -oxo- 
Vanadwum (LV) an ethanpl at 25°C and at. 60°C. 
The stick spectrum of the doublet pattern 
is shown below the experimental spectrum at 
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the spectrum in toluene does parallel the spectra of van- 
adyl dithiocarbamates in non-coordinating solvents reported 


10 


by McCormick. ‘McCormick assigned the most intense band 


to the by a Sy transition since this band experienced sig- 
nificant shifts when a ligand coordinated to the sixth 
position. | The e (4, ./4,,) level is expected to be changed 
by coordination at the axial site while the b3 (4,,) level 

is expected to be nearly independent of coordination at 

the sixth position. Since the ligand field produced by 

the dithiocarbamates should approximate that of the dithio- 
phosphinates, it is reasonable to assign the electronic 
transitions as proposed by McCormick . 1° Then, with increas- 
ing energy, the three transitions are by <3 Oey by > e and 


* 
b, + a.. The spectra for the methyl and ethoxy complexes 


1 ab 
are very similar to the spectrum of the phenyl complex 
and the transitions are assigned equivalently as shown in 
Table III-6. The spectra in the other non-coordinating 
solvent, CSo, are similar to those in toluene. 

The visible spectrum of the phenyl complex in the 
Lewis bases DMF and pyridine resembles the spectrum of 
TOUR UONEER y One expects the phenyl complex to be six- 
coordinate in Lewis base solvents. The presence of an 


* 
additional ligand could shift the e (d_ de) level to 


x 


* 
lower energy while the bo level remains relatively constant. 


With this inversion of levels, the transitions in order of 


* * * 
increasing energy would be ba ge by > b, and bi 7 ay, 
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TABLE III-6 


Electronic Spectra of Dithiophosphinate Complexes 


Complex Solvent '! 
* 
“2 
Methyl A 14.3 
B BQ, ape 
G 1.1.39 
D 15.4 
E 14.7 
Phenyl A 14.3 
B 12.0 
C Le 
D 15.4 
E ono 
Ethoxy A 14.9 
B £248 
(e Ee | 
D 15.4 
E 16.4 


Absorption maxima in kK. 


+ 
Assignment 

* * * 

bib, ay 
6 2h 24.7 
Lao 26.0 
La tact 
12..6 Tat 
12)./0 itt 
Ay pal 24.4 
L329. 2 oG.0 
13%2 24.4 
i PA ere 
L253) Th 
Lied 24.4 
L3 eF 25.43 
Le 250 
1254 BT t 
1257 Daye 


++ A, toluene; B, 5% HMP/toluene; C, HMP; D, DMF: 
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BE, pytrdine: CS. and toluene spectra are equivalent. 


+tt No shoulder is observed. 
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which is the assignment Ballhausen and Gray ae have pro- 


posed for the pentaquo vanadyl cation. The two energy 
level schemes are shown in Fig. III-13. 

In both pure HMP and 5% HMP/toluene solutions, it 
appears that both the 5) and De levels are shifted to 
lower energy by the addition of an HMP ligand to the van- 
adyl complex. The energy levels are assumed to have the 
same relative order as in toluene. However, the species 
in 5% HMP/toluene is different from the species in pure 


HMP because vanadyl complexes in 5% HMP/toluene give rise 


to a doublet pattern in the EPR spectrum and in pure HMP 


gh 


they give rise to a singlet pattern. Shifts of the optical 


bands of vanadyl complexes resulting from addition of 
Lewis bases have also been observed by other workers. 
60 
support the EPR results in that new species are formed in 
the presence of a Lewis base and one anticipates the new 
species are a result of differences in the coordination 


to the vanadyl ion. 


10,22, 


The shifts observed for the vanadyl dithiophosphinates 


The spectral results discussed above for the phenyl 


complex are also observed for the methyl and ethoxy com- 
plexes. The absorption maxima and band assignments are 


Given explicitiviin vrable LELT—6.% 


4, Analysis of Infrared Spectra 


The frequency of the vanadyl vanadium-oxygen stretch 


«EY 


-o1g ever si yste bas 4 5a. 


Ypisns ows eT 


tt amoisnloe oneutos an or nee tM 
od bestine ots. ‘ebevst § a tne” 24 eat > oa J 
~nsv sid ot bnepil IMH as do nottibae arid id yesone i oy 
eH ever ot bemireas--eca aisval ypieie oat nepen ty ane J 
@ehosge odj ,t9vSW0H . saouiod i 28, abI0, ovidslex sm ey | a 
ging ni esinoeqe eis mou ‘pmexs32i0 | et eocvahnechincs sale 3 


WH oxvg si bas muxtoege biak i oti ab ome ~ Bq 


sety svip snovlos\IMH #2 at ae 


{apisao edt. to ettide _aveiseg sotenie co “os seit evie y any, 
to sokstibbs mox2 pditigeos ‘eoxolgnoo Iybensy to § in : 
88, OF osdtzom rete yd bevisedo need oats even asad al 
\pabibiceesdeotay oh eens ott x02 Sevisado athide < z 
ct Bemrol ets aotosqe wom arts ab seve! ball 
wen eft esetsaqiottos 210 bee aed, a iw gone 


AeLssnibiooo srs es “ee sh 
; 1 if ‘i pus ; a ‘ PX 


i" 5 
( 1: ie e 
5 oe Bai 
: 
ee i 
- _— iT *le/ 
= Fi WD at i 
a 7 = a 
= " 
a VER ‘| 
5 ‘ 
Ai ’ 


oA / ‘ . 
’ (ci_ealiaaaia aatiaals iybe ” 
xi ; atelae i iy 
i? mys oe il : 
: ' 
. Pan | > ;* - * I's 
° m4 pn we a . Te te = ih 


d,2 
ey Zz 
a, 
& d xy 
2 
et dxz dyz 
dx2_y2 
b 
a 


FIGURE ITII=13 


V2. 


d,2 % 
a pe) ep a Se | ha oe ok 
dyz :dyz * 
Fie. wes 
oe. (ees 
“HS St 
Ma bpectien 
2 
d,2_y2 


b 


Energy level schemes for oxo-vanadium (IV) 


(a), Ballhausen-Gray scheme 31, 


complexes. 
(b), 


spaced lines represent filled bonding levels. 


inverted level scheme. ° The closely 


The splittings are not drawn to scale. 
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is often used to infer information about the coordination 

at the axial position of five coordinate vanadyl compounds. 

Bagi Onp Ord ; 
agi The V-O stretch in the phenyl complex was observed 


to change from 1000 cm + in/CS. 0/9/76 com + in 5% pyridine/ 


2 
CS. and the V-O stretch in the methyl complex changed from 
996 cm + En CS, ten 72 cm + in 5% pyridine/Cs.. in both 
cases the shift is 24 om + and EPR spectra of the samples 
in 5% pyridine/cCs, showed predominantly doublet hyperfine 
patterns. This evidence suggests that the species giving 
rise)to,the doublet EPR spectrum has the position trans to 
the vanadyl oxygen occupied. 

The infrared spectra of dithiophosphinates in the 
region 500-700 om? show absorptions due to the P-S 


stretching vibrations. The position of the symmetric P-S 


is sensitive to the nature of the bonding 
AU BA i 


stretch, Vsym/ 
of the sulfur atoms in the dithiophosphinate moiety. 
See Table Ill. Yoym decreases progressively as the bond- 
ing at the sulfur atoms changes from bidentate to ionic 

to monodentate. The infrared absorption of the bis-(di- 
phenyldithiophosphinato) -oxo-vanadium(IV) complex in cs. 
solutions with various amounts of pyridine added has been 
studied, and the results are shown in Fig. III-14. In the 
absence of pyridine, a single Yeym absorption is observed 
aco 10 See Upon the addition of pyridine, additional 


absorptions at 560 cm + and 538 cmt appear. As) the con- 


Centration of pyridine is»increased,\the intensity of the 
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TABLE III-7 


Frequencies of Symmetric P-S Stretching Vibrations in Diphenyl- 
dithiophosphinate Comp Gantds 


Compound Bonding at v com ) Medium 
Sulfur ey 
Bis-(diphenyldithio- SY eS a 
phosphinato) -oxo= V SLO CS. 
vanadium (IV) er eee 
Sodium diphenyldithio- S 
phosphinate Se)u67 565 Nujol mull 
2 

Ammonium diphenyldi- Rea ~ 
thiophosphinate oe ager eS 

s 4 ° ° bia i 
ls ea accra ile a lca p c H 5 30 Nujol mull 
4 


Infrared frequencies from ref. 13 and 15. 
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FIGURE [l1-14 iIntrared spectra of bis=(diphenyldithiophos-— 
phinato) -oxo-vanadium(IV) in pyridine/cs, 


solutions of various compositions. 
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absorption at 570 om? decreases, while the intensities of 
the peaks at 538 and 560 em + increase. The absorption at 
330 cm? is maximum at a pyridine concentration of 10%, and 
decreases in intensity at higher pyridine concentrations. 
Teis cleat (Lom bios LLi-l4, that tnree distinc’ absorp- 
tions are present in the symmetrical P-S stretching region 
in 100% pyridine solutions of the phenyl complex. Spectral 
studies of the methyl complex were hampered by the low sol- 
ubility of the complex in CS,, and the air sensitivity of 
the ethoxy complex prevented study of its infrared spectrum. 
Infrared studies with other mixed solvent systems were not 
feasible due to the presence of interfering absorptions in 
the regions of interest. The conclusions formed on the 
basis of the infrared spectra of the phenyl complex in the 
pyridine-Cs, mixed solvent should be applicable to the 
other mixed solvent systems since the EPR results in the 
pyridine-Cs., mixed solvent are similar to the EPR results 


in the HMP-toluene and DMF-toluene solvent systems. 


2% Conductance Results 

Conductance measurements were performed to establish 
the presence or absence of ionic species in solutions. The 
conductance waS measured as a function of the concentration 
of bis-(diphenyldithiophosphinato) -oxo-vanadium(IV) in sev- 
eral solvents. Since the experiments were carried out under 


bench conditions, only the most stable phenyl complex was 
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investigated. The numerical results are given in Appendix 


B and the summary of those results is shown in Table III-8. 


TABLE III-8 
Dependence of Conductance on Concentration of Bis-(diphenyl- 


dithiophosphinato) -oxo-vanadium(IV) in Several Solvents. 


Solvent Concentration Dependence 
1% HMP/toluene independent 
5% pyridine/Cs., independent 
10% HMP/toluene linear 
HMP linear 
Pyridine linear 
DMF linear 


E. Discussion 


dey Discussion of Equilibria Between Different Vanadyl 
Species. 


The EPR, infrared and electronic spectral results 
presented in the previous section indicate the presence of 
at least three distinct vanadyl species in solutions con- 


taining a low concentration of a vanadyl dithiophosphinate 
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complex and varying concentrations of a strongly coordin- 
ating ligand. The species which dominates at the highest 
temperatures with low concentrations of coordinating ligand, 


and gives rise to a triplet pi 


P hyperfine pattern in the 
EPR spectrum, indicating the presence of two equivalent 
phosphorus atoms, has been identified as the 5-coordinate 
vanadyl dithiophosphinate itself and will be referred to 
as species ira 

A second vanadyl species, to be referred to as 
species D, is characterized by a doublet hyperfine structure 
in the EPR spectrum, which indicates that the unpaired 
electron is interacting with only one PLap nucleus. This 
vanadyl species may contain a single phosphorus atom or 
it may contain two non-equivalent phosphorus atoms, only 
one of which gives rise to an observable hyperfine splitting. 
The former possibility would require dissociation of the 
vanadyl dithiophosphinate to form a species with a single 
dithiophosphinato chelating moiety. Since the only possible 
ligands which can replace the chelating ligand are the un- 
charged Lewis bases in relatively low concentration in the 
solution, any vanadyl species containing a single dithio- 
phosphinate chelate would be charged ~ a most unlikely species 
in non-polar solvents such as toluene and CS.. 

A simple procedure for detecting the presence of 
charged species in solution is to measure the conductance 


of the solution. For a solute that ionizes completely, the 
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conductance of the solution increases linearly with increas- 


ing solute concentration up to approximately rien Mine 


The 
conductivities of solutions containing the phenyl complex 


in concentrations ranging from zero to 7 x 1o2 


Min the 
solvents 1% HMP/toluene and 5% pyridine/Cs., were determined. 
In both solvent systems, the conductance was unaffected by 
the presence of the phenyl complex. The EPR spectra of the 
Same solutions exhibited a predominantly doublet hyperfine 
pattern. One concludes that species D is not charged. How- 
ever, the conductance experiments do not rule out the possib- 
ility that species D is a solvent separated ion pair in 
which the solvent (in this case the Lewis base present in 
the solution) occupies the first coordination sphere and the 
dithiophosphinate counterion resides in the second coordin- 
ation sphere. The formation of such ion pairs is favorable 
when there is a strong interaction between the ion and the 
solvent and the counterion is relatively large.°? These 
conditions are certainly the case for the phenyl complex 

in 1% HMP/toluene or in 5% pyridine/CS.. 

The infrared spectrum of the phenyl complex in 5% 
pyridine/Cs. solution indicates the presence of three dithio- 
phosphinate species in addition to species T, the five- 
coordinate vanadyl complex (see Fig. III-14). A small 
shoulder at 560 cm + suggests that the solution contains 
an ionic diphenyldithiophosphinate species (see Table III- 


7), which, on the basis of the conductance measurements, 
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could be either an ion pair (see structure I) or a free 
dithiophosphinate ion at a concentration below the detec- 
tion level of the conductance apparatus (eo M). The 
infrared absorption at 538 cm” * indicates the presence 
of a species containing a monodentate dithiophophinate 
moiety wes bs for which structure II is suggested. In 
this structure, one phosphorous nucleus is sufficiently 
far removed from the vanadium atom that it will not experi- 
ence significant hyperfine interaction with the unpaired 
electron. The presence of a third species, for which is 
suggested a possible structure III, is indicated by a 


due to overlapping with 


broadening of the band at 570 cm 
a new absorption at lower frequency. (See Fig. III-14). 

This second band could arise from a structure with one of 
the diphenyldithiophosphinate ligands arranged so that one 
of its sulfur atoms occupies the axial coordination site, 
and a pyridine ligand is coordinated at the equatorial site 
(structure III). Similar arrangements are known for adducts 


Br 36 The axial sulfur-vanadium bonding is 


of VO (acac) 5. 
expected to be weaker than the equatorial sulfur-vanadium 

bonding, and the non-equivalence of the sulfur atoms should 
cause the P-S stretching frequency to shift towards that of 
monodentate dithiophosphinates. In structure III, the two 
phosphorus nuclei are non-equivalent and it is conceivable 


that the hyperfine interaction of the phosphorus nucleus 


in the cross-coordinated chelate would be too small to be 
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On the basis of the intensities of the infrared 


absorptions, the concentration of the species which gives 


rise to the absorption at 560 cm + 


(structure I) is small 


in solutions containing 5% pyridine or less, and need not 


be considered further in the discussion of species D. The 


EPR spectra of solutions where the doublet hyperfine pat- 


tern predominates provide no evidence for the existence of 


two distinct species, 
by the infrared spectra. 


icularly the 
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Structures II and III, as suggested 


The magnetic parameters, part- 


P hyperfine interactions, of structure II 


and III are likely to be similar since the axial sulfur- 


vanadium bonding is expected to be very weak. 


It is shown 


above that the coordination of a pyridine molecule at the 


axial position, either does not occur; or that the effect 


of such coordination on the magnetic parameters of the 


complex is insignificant, because the EPR spectra of the 
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vanadyl species T in 1% pyridine/Cs., and in pure CS, solutions 
are identical. Furthermore, the rate of exchange between 
structures II and III is probably fast on the EPR time scale 
so that any small differences in the EPR spectra of struct- 
ures II and III would be averaged out and undetectable. It 

is therefore concluded that species D is in fact two distinct 
species with structures II and III, but that EPR measurements 
can detect only the composite spectrum of these structures. 


The number x of Lewis base molecules L involved in 


the equilibrium 
T + xL ——~D 
ne 


was determined for the vanadyl dithiophosphinates by analyz- 
ing the EPR spectra of solutions containing different Lewis 
base and complex concentrations. The appropriate equilibrium 
constant is written as 

Pani sip oat Sa (Prt 21) 
[T] [L]~ 
The relative concentrations of species D and species T were 
obtained from computer-synthesized EPR spectra which resembled 
most closely the observed EPR spectra. Knowing the ratio 
of the concentration of these species, R = [D]/I[T], one 


° 
can express K in terms of the known quantities R, [L] , 


sbB) 


3° 
the total Lewis base concentration, and [T] , the total 


vanadyl concentration. 
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Examples of the calculated values of K for integral val- 


fhe 0 
ues of x are shown,in Table III-9. Consistent values of 
Kn_p were obtained only for the case x = 1, which is com- 
patible with structures II and III for species D. The 


equilibrium constant K was determined at several temper- 


es) 
atures, for the three complexes in various solvent systems 
and the results are shown in Fig. III-15. The values of 
Kp_p at 298K, and the enthalpies of adduct formation 

AHA, 44 calculated from the slopes of the lines in Fig. III- 
15 are given in Table III-10. These heats of adduct forma- 
tion are similar in magnitude to those for the vanadyl 
acetylacetonate adducts with HMP, DMF and various amines. 
Be The VO (acac) 5 adducts were assumed to arise from Lewis 
base coordination at the axial position whereas the adducts 
of the vanadyl dithiophosphinates have been shown to arise 
from ligand coordination at an equatorial site. 

The room temperature equilibrium constants obtained 
from spectrophotometric measurements of the vanadyl dithio- 
phosphinate complexes in toluene solutions containing dif- 
ferent amounts of HMP and DMF are also shown in Fig. III-15. 
The equilibrium constants obtained from the spectrophoto- 
metric measurements were consistently higher than expected 


from an extrapolation of the equilibrium constants obtained 


from the EPR studies. This discrepancy can be attributed 
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TABLE III-9 


Calculated Kn_p Values for Integral Values of x, the Number of 


Lewis Base Molecules in Triplet-Doublet Equilibrium 


a. Bis-(diphenyldithiophosphinato) -oxo-vanadium(IV) in HMP- 
Toluene Mixed Solvents 
1% HMP/Toluene 5% HMP/Toluene 
bse Tia 902C 105°C (EEG ONE LOD. < 
1 aie 6.6 4.5 it 6.6 Biel. 
2 ZA) 120 82 39 24 18 
3 4,400 2,200 1,600 160 89 68 
499 ,000 527,000 31,000 560 340 230 


b. Bis-(diphenyldithiophosphinato) -oxo-vanadium(IV) in Pyri- 


dine-CS. Mixed Solvents at 45°C 


2 
x 0.5% Pyridine/CS, 1.0% Pyridine/Cs, 2.0% Pyridine/Cs, 
1 13 16 14 
2 240 140 59 
3 4,600 1,300 260 
4 97,000 14,000 1,200 


Cc. Bis-(dimethyldithiophosphinato) -oxo-vanadium(IV) in Pyridine- 


CS. Mixed Solvents at 45°C 
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TABLE III-9 (continued) 


x 1.0% Pyridine/Cs, 2.0% Pyridine/Cs., 
3 670 140 
4 6,200 630 


d. Bis-(dimethyldithiophosphinato) -oxo-vanadium(IV) in Pyri- 


dine-CS. Mixed Solvents at 0°C 


2 

x 0.10% Pyridine/Cs, OAZ0s Pyridine/Cs, 
1 110 g 4° 

2 23,000 5,200 

3 2ais0 Oe 47,000 
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TABLE ITL10 


Equilibrium Constants at 298K and Enthalpies of Adduct 


Formationt 

Complex Ligand Kn_p (1/mole) -AH;_p (kcal/mole) 
Methyl HMP 42 Bho Wee rmre, 

Pyridine 23 ORS. 2 
Phenyl HMP 63 UST senha 

Pyridine 31 UA) cs 
Ethoxy HMP 160 Vetoes, Lie a 

DMF ty ete pata alee 


z Experimental K 


-AHe 5 /Rt 
Kn_p = Ae and errors given are the standard 


values were least squares fitted to 


errors from the least squares routine. Knip at 298K is 


calculated using the least squares parameters. 
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FIGURE III-15 Temperature dependence of the equilibrium 


constants, K for the formation of adducts of the vanadyl 


142) 


dithiophosphinates with pyridine, HMP and DMF. Kn_p values 


are calculated from EPR results except for values at 


107/t = 3,35 Kl 


which are calculated from visible spectrum 
results. A, bis-(0,0'-diethyldithiophosphato) -oxo-vanadium 
(IV) in HMP/toluene; A, bis-(0,0'-diethyldithiophosphato) - 
oxo-vanadium(IV) in DMF/toluene; Qj, bis-(diphenyldithio- 
phosphinato) -oxo-vanadium(IV) in HMP/toluene; @, bis-(di- 
pheny Ldithiophosphinato) -oxo-vanadium(IV) in pyridine/CS,; 
OF bis-(dimethyldithiophosphinato) -oxo-vanadium (IV) in 
HMP/toluene; @®, bis-(dimethyldithiophosphinato) -oxo- 
vanadium(IV) in pyridine/Cs,. For clarity, the values 

of Kn_p shown on the Figure for bis-(dimethyldithiophos- 
phinato) -oxo-vanadium(IV) in pyridine/Cs,, are the observed 


values divided by 10. The bars indicate estimated uncer- 


tainties in the values of Kap 
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to the presence of a third vanadyl species (which gives the 
Singlet hyperfine structure in the EPR) in low concentra- 
tions. In the EPR measurements, the ratio [D]/[T] was 
determined from the observed spectra, but this ratio could 
not be measured spectrophotometrically since a solution 
containing only D could not be prepared and the extinction 
coefficients of this adduct could not be determined. Instead, 
the concentration of T was measured spectrophotometrically 
and the concentration of species D obtained by difference 
from the known total vanadyl concentration in the solution. 
The spectrophotometric equilibrium data is, therefore, less 
reliable than the EPR data, but does substantiate the con- 
clusions based on the analysis of the EPR data. Further- 
more, the ratio [D]/[T] calculated from the best fit EPR 
spectra for the HMP/toluene and DMF/toluene systems will 

be lower than the true value because the D and T linewidths 
were assumed to be equal. The EPR spectra of the methyl 
complex in .1l - 5% pyridine/Cs, show that the doublet 
pattern has slightly larger linewidths than the triplet 
pattern. If one broadens the doublet spectrum in the 
computer synthesis of the spectra, a larger [D]/[T] ratio 
would be required to produce a spectrum with relative in- 
tensities similar to those obtained if triplets and doublets 
are assumed to have the same widths. See Fig III-16. Thus 
the K values calculated from EPR spectra in the HMP/ 


T-D 
toluene and DMF/toluene systems are lower limits for the 
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of bis-(dimethyldithiophosphinato) -oxo-vanadium(IV) in 5% 
HMP/toluene at 60°C for a i: ratio of doublet: triples 
pattern at various linewidths of the doublet pattern rel- 
ative to the triplet pattern. (a), equal linewidths for 
doublet and triplet pattern; (b), doublet linewidths 25% 
broader than corresponding triplet linewidths; (c), doub- 


let linewidths 50% broader than triplet linewidths. 
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equilibrium constants. This accounts for some of the dis- 


crepancy between K values determined from spectrophoto- 


-D 
metric and EPR measurements. 

The two structures postulated to give rise to the 
doublet pattern in the EPR spectrum, namely structures II 
and III, are expected to have slightly larger molecular 
dimensions in solution than species T. Since the reorient- 
ational correlation time depends on the cube of the molecu- 
lar radius (see equation III-20), a small increase in r 
will result in a larger A and hence broader EPR lines. 
However, the lines of the doublet spectrum could also be 
effectively broadened by a second oe hyperfine interaction. 
This coupling could be large enough to split each line of 
the observed doublet into an unresolved doublet and thus 
effectively broaden the line. Computer synthesized spectra 
for species D of the methyl complex in the pyridine/Cs. 


oie hyperfine inter- 


solvent, incorporating a second small 
action, showed that the second Bae splitting was resolved 
before the lines became as broad as the experimental lines. 
Furthermore, the lineshape on an expanded sweep was 
Lorentzian, which is not expected if the broadening results 
from the overlapping of two lines. On this basis, it is 
concluded the broader lines for the doublet pattern result 
from species D having a slightly larger radius than species 


T rather than from an unresolved hyperfine interaction. 


A third vanadyl species, henceforth referred to as 


me 


-8ib oft to omoz i A edawooDs ater 
-otorigoxtooge mort entered enter per a8 


nett as a Ye 
sd3 od seit svip ot boteluseeg eosusousse ee ott | 


It asxpsourte viemkan masons Aas ads aE nxev9eq 01 


re) 


isivosiom xspxst visdpilaened of besooque ems wae 


-taeixoe: add sonte ‘<aomay sii? noisuloa ai eno ies 
-voolom eadt to sda oft mo ebasdeb onia 0 Hs fe"109 Ie 
x ai saperoni [lame 5 . (08-28 aoizaups aaa) euibor 26 
,teatl AG zsbsotd soreri sel =? tspisk # ak a 

ad oels blyoo muxtoege, seLdeob ond to sentt edt 19 ) 


” bnoose & yd boriabsosd uievizeas | 


Toisas tedat saitszegyA at 

to satl dose difge of fevers aprel ed. Bivoo eaitquon, 

audt bas teidueb beviowauay nis- ota sefduob bevisado + 

Bisdveqe bes isortaye tehirctie omit ont nobeord. yfovlsae% 

o20\enlbizyg est nti xolqmoo ‘fydtom tale 10 q esinega 1 

saad iisme bnosse 6 piitexoquoont ,taavic | 
bevloast Baw paissilge ne baoose srht Sets bewoda .0ion 


aenks tngrinatlaacgie ads * Beord’ me | ems cond oid sxoted 


-irstai saltxeqyl 


asiueet painohrowd onl, pipe 
ab 9, vetend adda nO a : mor} 
aiuess mxe9ssq Jorayeb sty’ ase tebacxd ie bebutones dan 
meta add auibsy rsptel ylidgite s igasldedl etoese mn oe 
4 OF / aed holsoexetent onttisayd foasins A& — - 
ifs i» of berzeter adaceteace sasiooge 1 | A 


hs 


,, 5 : . ; nah 
a 1 ry ; 7 v 


PP Pa Tal i ee 


a3 


species S, gives rise to an EPR spectrum which shows no hyper- 
fine interactions between the unpaired electron and the phos- 


phorus nuclei. The absence of oe 


P hyperfine interactions 
indicates that species S has no chelating dithiophosphinate 
moieties. This species predominates under conditions of low 
temperature and high Lewis base concentration. The conduct- 


ance of a solution of the phenyl complex in 10% HMP/toluene 


varies approximately linearly with the concentration of 


the vanadyl complex. This implies that the vanadyl dithio- 
phosphinate complex dissociates under these conditions. The 
infrared spectrum of the phenyl complex in 10% pyridine/Cs. 
solution (Fig. III-14) indicates that dithiophosphinate 
species with bidentate and monodentate coordination are 
present in addition to the ionic species. The structures 
IV are suggested as possible molecular arrangements which 
are consistent with the EPR spectrum and with monodentate 
dithiophosphinate coordination. The cis and trans isomers 
of IV are possible and could give rise to different EPR 
spectra if the magnetic parameters of the two isomers were 
eneale end ly different. It is expected however that the 
differences in the magnetic parameters of the cis and trans 


isomers of IV would be very small. 
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The relative concentrations of the D and S species 


involved in the equilibrium 
D+ x'L——~ S 
{— 


in 1-53 pyridine/Cs., solutions were determined by comparing 
the observed EPR spectra with computed spectra. The equil- 
ibrium constant 

[S] 


K = (ITI-23) 
Dee romtn 


was calculated for integral values of x', and the values 
obtained were consistent with x' = 1 only. At -45°C, Kos 
has the value 3.1 1/mole for the methyl complex. This 

result indicates that the formation of species S from species 
D involves displacement of one of the sulfur atoms from 
vanadyl coordination by a ligand molecule. The species S 


involved in this equilibrium is assumed to have structure IV 


since the species must result from the addition of a single 
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ligand to structure II or III which represent species D, 
and the simplest way for this to occur is for a second 
ligand to displace one of the sulfur atoms of the bidentate 
dithiophosphinate of structure II or III to make it a mono- 
dentate ligand in structure IV. However, to explain the 
conductance of the 10% HMP/toluene solution, the structure 
IV species must be in equilibrium with ionized species in 
which one or both dithiophosphinates are displaced from the 
first coordination sphere of the vanadyl ion and ionized. 
All species giving rise to a singlet EPR spectrum apparently 
have very similar magnetic parameters since only one sing- 
let species was resolved in the EPR spectrum. 

The temperature dependence of the equilibrium between 
species S and D warrants some comments since the EPR spectra 
of the vanadyl dithiophosphinate complexes in pyridine, 

HMP or DMF solution exhibit a temperature dependence. At 
+30°C, the spectrum of the phenyl complex in pyridine (see 
Fig. III-8) consists of eight well resolved lines with no 
evidence of phosphorus hyperfine splittings. At higher 
temperatures, doublets appear in the EPR spectrum. This 
result is consistent with the decrease in the dielectric 
constant ae of pyridine as the temperature increases. The 
lower dielectric constant destabilizes the dissociated form 
and drives the equilibrium to the D side. Similar EPR 
results were obtained for the ethoxy and methyl complexes 


with the doublets appearing at lower temperatures in the 
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methyl and ethoxy complexes than in the phenyl complexes. 
This may result from the greater stabilization of the di- 
phenyldithiophosphinate anion due to charge delocalization 
to the phenyl groups. Obviously there are numerous struc- 
tures possible for the vanadyl species containing two or 
more ligand molecules and yielding singlet hyperfine EPR 
patterns. However, their magnetic parameters would be 
Similar and separate EPR lines for each would not be resol- 
ved. 

In DMF, the methyl complex shows EPR spectra above 
40°C which are mixtures of triplets and singlets anda 
relatively small amount of doublet. The spectra, shown in 
Fig. III-17, indicate that the species giving rise to a 
doublet pattern (structures I, II and Iii) are not pre- 
dominant in pure DMF. This is in contrast to the results 
of the methyl complex in 5% HMP/toluene and 5% pyridine/Cs,, 
where there was clearly a doublet-triplet equilibrium. The 
phenyl and ethoxy complexes show singlet EPR spectra over 
the complete temperature range of the liquid DMF. The 
ethoxy spectra are shown in Fig. III-18. Attempts to gain 
further insight into the coordination of DMF in the vanadyl 
species that gives a singlet EPR spectrum were made by 
studying the paramagnetic broadening of the NMR lines of 
the DMF solvent. The temperature dependence of the line 
broadening results for the phenyl complex in DMF was 
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FIGURE III-17. EPR spectra of 10> 


WM: Liquidssoelutions Ge 
bis-(dimethyldithiophosphinato) -oxo-vanadium (IV) in DMF at 
various temperatures. The stick spectra for the predomin- 


ant vanadyl species at 40°C and 120°C are given below the 


corresponding experimental spectra. 
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EPR spectra of Las M liquid solutions of 
bis-(0,0'-diethyldithiophosphinato) -@xo- 


vanadium(IV) in DMF at various temperatures. 


HOOT 


tude of the line broadening was greater for the phenyl 
complex in DMF. (See Chapter IV). This indicated that the 
rate of, exchange OfeDMP, from, the, vanady 1) coordination 
sphere was faster for the phenyl complex than for 

VO(DMF) .(C10,) 5. Furthermore, the conductance of the DMF 
solution was linear. in the concentration of phenyl complex. 
It was therefore concluded that the predominant species 

in a DMF solution of the phenyl comp lex is a singly charged 
vanadyl complex with a monodentate dithiophosphinate ligand 
occupying one coordination position and DMF occupying the 
other positions. The lower charge of this species compared 
to vo (DMF) ,** is expected to weaken the vanadium-DMF bond 
and consequently increase the rate of exchange. The per- 
sistence of this dissociated form for the phenyl complex 


64 of DMF 


is attributed to the high dielectric constant 
(36.1). relative. to \thatwofp~oyridine,, (U23)m. THe»EPR 
spectra of the complexes in HMP solution are similar to 
those in DMF. This is expected since the dielectric con- 
stants of HMP (30.0) and DMF are similar. 

The EPR spectra of the phenyl and methyl complexes 
in 5% DMF/toluene solution at 25°C are predominantly trip- 
lets, while the spectra of the complexes in 5% pyridine/Cs,, 
or 5% HMP/toluene solutions are predominantly doublets. 
This difference in the solvent systems is due primarily to 


the differences in the electron donor properties of the 


ligands .°? The observation of adduct formation of the 
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ethoxy complex at lower ligand concentrations than those 
required for formation of analogous adducts with the methyl 
or phenyl complex indicates that the ethoxy complex is a 


stronger Lewis acid than the methyl or phenyl complexes. 


Zs interpretation of g-vallies*and Hyperfine Splitting 


Constants. 

The g-values and hyperfine splittings combined with 
the energies of the electronic transitions form a basis for 
the discussion of the molecular orbitals describing the 
bonding in the vanadyl dithiophosphinates. Before the mag- 
netic parameters can be related to molecular orbital co- 
efficients, it is necessary to ascertain the ground elect- 
ronic state of the complexes. Kivelson and Lee ge have con- 
cluded that the unpaired electron resides ina by td -2_)2) 
orbrtal=in VO (acac) 5 and vanadyl tetraphenylporphyrin. If 
the electron were ina bata! orbital, the coupling to the 
nitrogen nuclei in vanadyl tetraphenylporphyrin would be 
larger than the observed value of 2.8 Gauss. Furthermore, 


residence in an e(d, rd) Orbital would result in a short 


Z 
spin-lattice relaxation time due to a slight splitting of 
the degeneracy by ligand field distortions away from Cay 
symmetry and would lead to much broader EPR lines than are 
observed. 


The unpaired electron in vanadyl dithiophosphinates 


and their Lewis base adducts is also believed to occupy a 
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molecular orbital of b, symmetry which is primarily the 
q.2_.,2 atomic orbital on the vanadium atom. If the elect- 
ron were in the bo tay) orbital, then hyperfine interactions 
with the phosphorus atoms would occur via the sulphur link- 
age; and the oe coupling would be expected to decrease by 
approximately one-half if the dithiophosphinate chelate 
became monodentate. On the other hand, if the unpaired 
electron resides ina bi (d,2_,2) orbital; coup king, to ans 
nuclei can occur via direct overlap of the vanadium 
242 Orbital and the P 3s orbital. Then removing the 
phosphorus atom from the region of high probability of the 
d.2_y2 orbital, as is the case for the species giving rise 
to the doublet spectrum, destroys the coupling to one P 
atom. The other FT atom is still in a region of high 
G2 a2 probability and of course interaction with this 
phosphorus atom is still observed. Residence in an 
e(d id zm level is unacceptable for the reasons given 
above for vanadyl tetraphenylporphyrin. Furthermore, the 
assignment of the unpaired electron to the bi td 2 ny?) 
OLD tak agrees with McCormick's z= assignment for the 
vanadyl dithiocarbomates and their pyridine and dimethyl 
sulfoxide adducts. 

The methods by which the magnetic parameters can 
be related to the molecular orbital coefficients and the 
energies of the excited electronic states in metal ions 


are described in detail by McGarvey .°° In the LCAO 
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approximation, the molecular orbital occupied by the un- 
paired electron in the ground electronic state of the 
vanadyl complex having Coy symmetry is assumed to be 


Py =a Chaec |x7-y? > + b |327=r7 >} = q! [Ly > 


(Symmetry A,) ; 


and the lowest lying unoccupied molecular orbitals to be 


Vo = 8 |xy > - B! |L, = (Symmetry Ay) 

v3 = Y hzX ae amuny | IL, > (Symmetry B,) , 

PEELS by.z tHe est [Ly > (Symmetry B,) , 
and Ve = nta | 327-17 >-b |x7-y? a it |b, > 


(Symmetry A,) 


lyz > and |xy > are 


where |x7-y? ter |327-r poe ex ee 
the vanadium atomic orbitals, |L,>, |L,> ee |L, > are 
linear combinations of ligand orbitals of appropriate sym- 
metry, and a, o', B, "6B Spgs.) Pin 4; pare the normalized /MO 
coefficients. The mixing coefficients a and b describe 
the mixing of the vanadium |x?-y*> and |327-r7> orbitals 
in forming the MO's. It is expected that b<<a since the 
mixing is brought about by the Coy perturbation Soe 
strong Cay ligand field. The spin orbit coupling, Els; 


where — is the spin orbit coupling constant and tps tne 


orbital angular momentum operator, mixes some excited state 
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character into the ground state wavefunction p- The first 
order perturbed wavefunction, vy for the ground state MO is 
then given by 
v5! = vy as ye eral Z2X> fag (peep neds 2 
3 3 
ae aed 
2iaBb a&|xy> 
™ E 
2 
Combining vi! with the two possible spin functions for a 
single electron, one obtains a pair of molecular spin 
orbitals. The representation of the spin Hamiltonian in 
this basis set requires the following relationships between 
the elements of the g and AY tensors and the MO coefficients 


and the energies of the electronic transitions. 


I ~ 2.0023 = -Ba~a°B°E/E, Quam 
g, ~ 2.0023 = -2a°a*y*E/E. aon ad 
ay 2 P| Ke : state 4 (gy) - 2.0023) 

+ 79) wl 2.0023) | (irr =26) 
al Spar fara" + Tai = 2.0023) grt Te27) 


where K is the isotropic hyperfine contribution and P = 


2.0023 bod Bass: where Sy is the g-value of the nucleus 


neySt 


and By is the nuclear magneton. The excitation energies 


of the states described by b> and b3 relative to the 
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state bye are designated E, and E3- 

in the, equations. (Lil =24) to-..(LIl327) orbital overlap 
corrections have not been included, and the effects of the 
admixture of some |3z7-r7> into the orbital y,, have been 
ignored because the observed EPR spectra are adequately 
described in terms Of axial symmetry. The assumption of 
approximate axial symmetry implies the near degernacy of 
the states b3 and by The neglect of contributions from 
the spin-orbit interactions of the sulfur nuclei is justi- 
fied since the unpaired electron is highly localized on 
the vanadium atom. 

In order to interpret the observed magnetic para- 
meters in terms of MO coefficients and thereby obtain in- 
formation about the bonding in the vanadyl complexes, an 
assignment of the electronic spectrum must be made. The 
basis for this assignment has been discussed in the pre- 
vious section for the various solvent systems and the 
assignments given in Table III-6. 

The MO coefficients a, 8 and y were determined from 
the observed g-values and vanadium hyperfine splitting 


components using equations (III-24 to III-27) ana?/ Pp = 


133 Gauss and € = 168 ae The MO coefficients are tabu- 
lated in Table III-ll. The magnitudes of the coeffici- 
ents cannot be considered accurate because of the uncer- 
tainties in the spin-orbit coupling € and the dipolar 


hyperfine factor P. 
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Complex 


Phenyl 


Ethoxy 


Ethoxy 
Ethoxy 


Ethoxy 


Ethoxy 


TABLE III-11l 


Molecular Orbital Coefficients 


Solvent 
Toluene 


Toluene 


5% HMP/Toluene 


HMP 


DMF 


Pyridine 


2 
0, 


BSC 


914 


a 72 
642 .742 
412... 98 
.938 1.04 
Oso) Us.06 
Al SPA NSP 
SOsunm. ODO 


K 


696 


-694 


./30 


200-2 
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As Hitchman and Belford a have indicated, a is close to l 
in all cases, indicating that the electron is essentially 
localized on the vanadium atom. a is lower for species T 
than for the S species which suggests the asx and dey 
orbitals contribute more to tT bonding with sulfur than with 
oxygen or nitrogen ligands. In all cases, 8 is smaller 

than unity due to the strong o-interactions between the 


67 The relative 


vanadium diy orbital and ligand p orbitals. 
8 values suggest that o bonding with S is more covalent than 
With N or -0. 


The variations in the ot 


V isotropic hyperfine para- 
meter, eh indicate that one of the factors which affects 
the isotropic splitting is the amount of delocalization of 
the bi bod 2 52) orbital onto the ligands. The largest a 
values correspond to species which also have the largest 
observed Ve As Kivelson and Lee ae have indicated, the 
variations in K/a7 are probably due to changes in coordin- 
ation at the vanadium atom. The amount of s-character in 


the b, orbital, containing. the unpaired electron, and the 


1 
effectiveness of spin polarization contributions to the 


51 


isotropic V interaction will certainly differ in species 


with different coordination. 


Re Hyperfine Interactions 


The mechanism of the hyperfine interaction between 


the ae nuclei in the dithiophosphinate chelates with the 


unpaired electron on the vanadium atom is believed to be 
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through a o-interaction between the vanadium q.2_.2 orbital 
and an appropriate linear combination cf the two P-S o- 
bonding orbitals.1® The hyperfine splittings will be 
influenced by the amount of phosphorus 3s character in the 
P-S,o-bonds.... The’ coefficient oa of the phosphorus 3s 
atomic orbital in the molecular orbital containing the 
unpaired electron, is related to the phosphorus hyperfine 


Splitting by ae 


12 


Ba p2 
a §='3636(C,_ | 


The values of On calculated from the observed orp hyperfine 
splittings in the phenyl and ethoxy complexes in toluene 
solutions are 0.095 and 0.117 respectively. The large dif- 
ference in the coefficients and phosphorus splittings in 
these two complexes can be attributed to the difference in 
the amount of phosphorus s-character in the P-S bonds of 

the dithiophosphinate and dithiophosphate moieties. In the 
dithiophosphate complex, the P-S bonds are shorter and have 
more S-character than in the dithiophosphinate complexes. 


a and X-ray ue evidence for differences in P-S 


Infrared 
bonding in these complexes have been reported. 

When a Lewis base displaces one of the sulfur atoms 
of the dithiophosphinate or dithiophosphate from its coor- 
dination to the vanadium atom, the 31, nucleus of this 
chelate no longer experiences significant hyperfine inter- 


actions because the spatial arrangement leads to a sub- 
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stantial decrease in the interaction between the vanadium 
d2_y2 orbital and the P-S o-orbitals. The hyperfine 
splitting of the 2d nucleus of the dithiophosphinate chel- 
ate which has not been displaced is altered because the 
gs 


bonding in the See 


P grouping will be modified by the 


asymmetry of the coordination at the other equatorial sites 
In the species D which result from the phenyl and ethoxy 
complexes in solutions containing low concentrations of 
pyridine, hi has the values 0.084 and 0.100 respectively. 
It would appear that the destruction of the symmetry of the 
coordination trans to the dithiophosphinate chelate leads 
to lengthening of one or both of the P-S bonds anda 
decrease in the amount of phosphorus s-character in the 
P-S o-bonds. The HMP adducts of the phenyl and ethoxy 
complexes show smaller = hyperfine splittings than the 
pyridine adducts. This may be attributable to the differ- 


ence in the effects of oxygen and nitrogen ligands coordin- 


ation on the V-S and hence P-S bonding . 


ie Comparisons With Other Systems 


Since the vanadyl dithiophosphinates are structurally 
Similar to VO (acac) 5, both having the vanadium atom within 
a square pyramidal arrangement of other atoms, a comparison 
of the effect of Lewis base addition in the two systems 


should be useful. The EPR results in both systems show 
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that av is changed by adduct formation. a LOG vO (acac) 5 
in toluene is 108 Gauss but decreases to 105 Gauss in the 
pyridine adduct and 103 Gauss in the HMP adduct. ?9 av Lor 
the vanadyl dithiophosphinates is 95 Gauss in toluene, re- 
mains unchanged in the pyridine adduct and increases to 

100 Gauss in the HMP adduct. The adducts of the vanadyl 
dithiophosphinates being discussed here are those giving 
rise to a doublet pattern in the EPR spectrum (species D), 
a species which has been shown to contain one Lewis base 
molecule per vanadyl complex molecule. The decrease in a, 
observed upon adduct formation in VO (acac) 5 vs inecontras 
to the unchanged or increased ay values observed for 
adduct formation of the vanadyl dithiophosphinates. The 
difference may be a result of the coordination by the 

Lewis base at different sites in the two vanadyl systems. 
Studies of VO (acac) » in 10% pyridine/benzene 39 assumed the 
pyridine coordinated at the axial site. Subsequent infra- 
red studies have shown this to be the case for pyridine.° 
In contrast, previous sections of this Chapter showed that 
pyridine and HMP coordinated at the equatorial site of the 
vanadyl dithiophosphinates. It has also been pointed out 
that the EPR spectrum of VO (acac) 5 in 10% HMP/benzene at 
room temperature is composed of two species >? , one species 
having a equal to 103 Gauss and one species having a equal 
to 112 Gauss. Fig. III-19 shows that the relative amounts 


of the two species are nearly independent of temperature. 
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The increase in the ea value for one of the HMP adduct 
species, compared to av of VO (acac) , in benzene, parallels 
the increase in av observed when HMP coordinates at an 
equatorial site in the vanadyl HATO Rhos bnda tee On this 
basis, the VO (acac) . *HMP species with the larger av value 
might be attributed to a complex in which HMP is coordinated 
at an equatorial site and the species with the smaller ae 
value might be attributed to a complex in which HMP is 
attached to the axial site. Infrared studies of solutions 
of 2-methyl pyridine containing VO (acac) 5 have indicated 
the simultaneous existence of two isomers .>° These isomers 
were also assigned as the 2-methyl pyridine adducts of 
VO (acac) 5; one isomer having 2-methyl pyridine axially 
coordinated and one isomer having 2-methyl pyridine equat- 
orially coordinated. Other substituted pyridines have been 
shown to coordinate only at the equatorial position 
which parallels the results presented here for the vanadyl 
dithiophosphinates. 

Removal of the excess mixed solvent under vacuum from 
the EPR sample used to produce the spectra in Fig. III-19 
left behind a green solid. This compound gave a microanaly- 
sis and a thermograph corresponding to a compound with the 
molecular formula VO (acac) .°HMP. The isolation of this 
compound suggests that HMP does not displace the acetylacet- 
onate from the first coordination sphere. 


The conclusions reached from the study of Lewis base 
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coordination to vanadyl dithiophospinates suggest that the 
results of studies with vanadyl dithiocarbamates should be 
re-examined. One expects the V-S bonds of dithiophosphinates 
and dithiocarbamates to have similar properties. Adduct 
formation of vanadyl dithiocarbamates was assumed to involve 
coordination of Lewis bases such as pyridine and dimethyl- 


oO 


sulfoxide at the axial position. This was concluded 


on the basis of changes in the vanadyl V-O stretching fre- 
quency and the a, hyperfine couplings, but the work re- 
ported in this thesis indicates that these probes are not 
sensitive enough to determine the changes in coordination 
about the vanadium atom that occur in the presence of Lewis 
base ligands. On the basis of the vanadyl dithiophosphin- 
ate results, one might expect coordination at the equatorial 
site at low Lewis base concentrations and displacement of 


the sulphur atoms from the first coordination sphere at 


higher concentrations. 
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CHAPTER IV 
EQUATORIAL AND AXIAL SOLVENT EXCHANGE RATES OF VANADYL 


COMPLEXES 
ae Imtroduction 


The rates of solvent exchange from the first coordina- 
tion sphere of a metal ion are an important aspect of in- 
Organic solution kinetics. The general exchange reaction 


can be represented by 


x k 
MS +S —» MS Sy te (IV-1) 
n a n 


where S and S* are chemically identical and n is the number 
of solvent molecules coordinated to the metal. On the left 
wana side in equation (IV-1), S* is a bulk solvent molecule, 
while on the right hand side S* is in the first coordination 
sphere of the metal ion. The kinetic parameters for these 
types of reactions can often be determined by the nuclear 
Magnetic resonance line bebedenting technique. In the fol- 
lowing section the relevant magnetic relaxation theory is 
presented and it is shown that under certain conditions dt. 
the line broadening of the solvent resonance by a paramag- 
netic ion is related to the solvent exchange rate, and the 
temperature dependence of the line broadening can give the 
activation parameters of the exchange process. The magni- 
tude of the line broadening can also be used to calculate 


the nuclear relaxation times of nuclei on solvent molecules 


coordinated to the metal ion. These relaxation times are 
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PLDs 


interpreted in terms of the mechanisms causing the relaxa- 
tion. Ultimately the relaxation times are controlled by 
the rotational correlation time of the metal complex which 
can be determined from the EPR linewidths of the metal 
complex. 


The complexes VO (DMF) , (CLO and VO (DMA) . (C10 


4) 2 4) 2 
dissolved in DMF and DMA respectively can undergo the 
reaction represented by equation (IV-1). Since the vanadium 
atomic orbitals in these complexes which participate in the 
bonding of the axial ligand to the metal ion are different 
from those involved in the bonding of the equatorial 


payee the chemical properties of the two coordin- 


ligands 
ation sites should be quite different. Previous studies 
were not able to distinguish the exchange from the axial 
site to bulk solvent from the exchange of solvent molecules 
from the second coordination sphere into the bulk solvent. 
The results in section D show that the axial exchange has 

a special effect on the line broadening of DMF by vanadyl 
ion from which the kinetic parameters for both equatorial 
and axial exchange can be determined. Section D also con- 
tains line broadening studies of DMF solutions of VO (acac) 5 
and bis-(o-phenanthroline) -oxo-vanadium(IV) perchlorate, 
both of which are expected to accept a DMF ligand at the 
vacant site. 


The EPR and infrared data presented in Chapter III 


showed that Lewis bases in low concentrations coordinated 
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at the equatorial Site of the vanadyl dithiophosphinates. 
At higher Lewis base concentrations, several coordination 
positions are occupied by the base molecules, but it was 
not firmly established that the dithiophosphinate ligands 
had been completely displaced from the first coordination 
sphere of the vanadyl ion. To define the species in a sol- 
ution of Lewis base, the DMF and DMA line broadening data 
of the phenyl complex was collected and compared to the data 
for the vanadyl perchlorates where the five inner sphere 
coordination positions are known to be occupied by solvent 
molecules. These results are given in section D-6. 

A discussion of the solvent line broadening data is 
presented in section E as well as some comparisons with 


kinetic data from previous studies of vanadyl systems. 


Bs Theory of NMR Line Broadening by Paramagnetic Complexes 
It General Theory 


The time dependence of the magnetization M for an 
ensemble of free spins in a homogeneous magnetic field of 


flux B is given by 


= VM Ex Be, (Iv-2) 


where y is the gyromagnetic ratio of the spins. Upon the 
> 
application of a static magnetic field B = (0,0,B.), 


Bloch /¢ 


assumed that the magnetization relaxed to its 
equilibrium value M° with exponential time-dependence char- 


acterized by a time constant T,, the longitudinal or spin- 
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lattice relaxation time. If the magnetization receives a 
component in the plane perpendicular to B,, this magnetiz- 


ation is assumed to decay with a time constant T the 


2° 
transverse or spin-spin relaxation time. In a conventional 
NMR experiment, the nuclear spins experience both a large 
static field B, and a small field By perpendicular to By, 
oscillating with a frequency w; i.e. B = (B, cosut,, - B,sinut, 
B,). Under these conditions the motion of the magnetization 


is a superposition of the relaxation processes on the motion 


of the free spins as indicated by the equation 


~ ee co nO a 
ey Cae a ee a) 
dt T., T 


where x, y and z are unit vectors in a laboratory system in 
which B, lies along the Z% direction. The three equations, 
one for each component of the magnetization, represented 

by equation (IV-3) are the well known phenomenological 
Bloch equations. For mathematical convenience, the Bloch 
equations are usually expressed in a rotating coordinate 
system in which the x and y axes are rotating at frequency 
w about the z axis and the rotating component of By lies 
along the x-axis of this rotating coordinate system. This 
transformation is performed by defining the components 


of the magnetization in the rotating coordinate system as 
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cS 
Il 


M coswt - M sinwt, 
x vy. 


< 
I 


M sinwt - M coswt 
x y 


The component u is in phase with the magnetic field By while 


v is the out-of-phase component. In the rotating coordin- 


ate system the Bloch equations take the form 


Ss (wo - wv - vt, , (IV-4) 
at 
dv 
— = “(Wy - w)u + yBUM, - v/T, wins CIW— 5) 
dt 
dM, 
— = “yBiv oe (M, = Mo) /T, ’ (IV-6) 
ae 
where W, = YB,. By defining a complex magnetization, G, as 


the complex sum of the in-phase and out-of-phase com- 


ponents of the magnetization, 


Gi=C +0aiv, (IV-7) 


equations (IV-4) and (IV-5) may be combined into the single 


equation 
CG = -iyB,M, - ( = - iAw)G , (iV7-8) 
dt 2 

where AW = Wy - WwW. 


McConnell ile has modified the Bloch equations to in- 


clude the transfer of magnetization between different sites 
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by the chemical exchange of nuclei. For the simple case 
of two sites, a solvent site S and a metal site M, the 
Bloch equations for the nuclei in site S are written as 


dG. Cy 
mee (BM ae eee te Au Ge, (TNs) 


N 
W 
qq 
n 
Ss 


where Aw, ge reernetey er YoBor To is the relaxation time 


fom nuclei in site Ss, Te is the lifetime of the spins in 


Site S and Ty is the lifetime of the spins in site M. The 


corresponding expression for the magnetization in site M is 


dG G 
— = -iysmy - (—— ++ - insula, + S , (IV-10) 
dt Tom Ty Ty 

where AWy = Wy 7 8, Wy = YyBo and Tom isthe relaxation 


time for nuclei in site M. In NMR experiments, the out-of- 
phase component v is monitored as the field B, or the fre- 
quency w is swept through the resonance at a rate which is 
generally long compared to the intrinsic relaxation times 


so that the spin system is always in equilibrium. This 


am? amy 
condition is equivalent to setting ——= = dG, /dt = 
dt ae 


dG, /dt = 0. Furthermore Me = Me and M = Me Since the 


field By is kept small enough to avoid saturation effects. 
With these considerations, equations (IV-9) and (IV-10) 
can be solved for the complex magnetization in the solvent 


site, G The resulting complicated expression can be 
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| 
simplified by considering the special conditions used in 


studies of solvent linebroadening by paramagnetic species. 
First of all, the concentration of the solvent (site S) is 
much larger than that of the paramagnetic species (site M) 
and one is justified in dropping terms involving ve compared 
to Me terms. Also, the total magnetization, G = Ge _ Gur 


S Since the signal 


being observed is that of nuclei in S sites. With these 


to a good approximation is equal to G 


approximations, G can be written 


; S 
-1yB,M, 
G= = 7 
eh eles iAw = : 
eocte Mies eee aes eee 
2M M 
(IV=11) 
with imaginary part 
v= yB,MeT,/[1 + Aw°TS] (IV¥-12) 
where 
and 


(Iv-14) 
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This implies that the solvent NMR will be a Lorentzian 


line of width AV ops (#2) at half-height 


AV obs = 1/mT, P (IV-15) 
centred at 
1 ome 2 
arpre=vaug = Awy/ Ty To a‘ + cy + Away ,  (IV-16) 
2M M 


where AW in this last equation is the difference between 
the resonance frequencies of the nuclei in sites M and S. 
Furthermore, 


i ne (TV-17) 


1 
Te vat belt ae 
S M 


where n is the number of equivalent sites per paramagnetic 
species whose molal concentration, [M], is low compared to 
the solvent molality, isierk 


The paramagnetic line broadening 
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and resonance shift 


Il 
= 
! 
E 


AWobs 


—n[M] Aw, 
Title) 3 hal selene acre rene pac gmn Lecce iii 1 (IV-19) 


linge: TAT bambi! 


therefore vary linearly with concentration of paramagnetic 
LOU: 

Swift and Connick ae have presented the analogous 
derivation for the three site problem and their result can 
be generalized to describe the situation for any number of 
Sites. The resulting expressions for the line broadening 


and resonance shift are 


2 
2 
| Ps 1/Toy a 1/Tou Ty — 
eae ae Al, tes J = ; ; 
Pp 
[Si ‘ Ty. (/72m, + ty + Aw 
5 j 5 
(IV-20) 
ne. Aa) 
ss alana uu Vig eet eo eee 
j ™y./ 72M. mM. 5 
5 j s 
(IV-21) 


where ns is the number of solvent molecules coordinated at 


Sites of type j, Ty is the average lifetime of a molecule 
j 


coordinated at the j-th site, 1/T is the nuclear relax- 


2M. 
J 
ation time in the j-th site and oe is the difference 


between the resonance frequency for a nucleus in site j 
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and the observing frequency. The derivation of equations 
(IV-20) and (IV-21) neglects any exchanges among the dif- 
ferent coordination sites since only bulk solvent to coor- 
dinated site exchange is included. 

In the experimental NMR measurements of solutions 
containing vanadyl complexes, no paramagnetic shifts of 
the resonance frequencies were observed nor did the line- 
widths exhibit a frequency dependence. Therefore it was 
assumed that the dws terms in equation (IV-20) and (IV-21) 
were small compared to the other terms in the sum and could 


be neglected... This Simplifies the expressions for Av, and 


AW ops to 
Av, = 7 ee 181 > ne ae Fy ew (IV-22) 
[S] J 
Soopuih 2 r 
as: 2 njAw,/(1 + Ty 2 mu) (IV-23) 


The analysis of the linewidth data was performed using the 


reduced paramagnetic contribution, 1/Top, defined by 


SE oe op Av, (S]1/(M] : (IV-24) 


which, from equation (IV-22), is given by 
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1/T op values are then independent of the properties of a 
particular sample and depend only on the relaxation times, 


Au , and the exchange rates, 1/T 


2M , of the chemical sys- 
j 


M. 
J 


tem. 

The paramagnetic line broadening produced by exchange 
between a coordinated site j and the bulk solvent exhibits 
two limiting conditions which are of interest in the 


present study. When Ty. 7? Tons the: contribution to 


J 


J 
1/Tp from exchange at the j-th site is n/t in this 


M_* 
J 
limit, often referred to as the exchange controlled region, 


the nuclei are coordinated at site j for times which are 
long compared to the nuclear relaxation time at this site 
so that the rate of relaxation of molecules in the bulk 
solvent due to exchange with coordinated molecules is 


Ms" When “M, << el the nuclei spend only 
a short time in coordination site j before reentering the 


controlled. by + 


bulk solvent and they may exchange many times before being 
relaxed at the coordinated site. In this limit, therefore, 


thescontri bution 2tow 72 from exchange between bulk sol- 


2P 


vent and coordination site j is n/Tow enti Sel tmMcing 


J 
condition is referred to as the Tom region. 


Ze Temperature Dependence of Exchange Rates, Nuclear 


Relaxation Times and Chemical Shifts. 
The temperature dependence of 1/T 55 is determined by 


the temperature dependence of the individual terms Tu 
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and Tom . The solvent exchange rates, Ty a are of the 
3 5 
form 
Baye ait ast 
Ty = — exp = wok + (IV-26) 
5 h RT ‘ee 


on the basis of the transition state theory. /> In equation 
(IV-26), k is Boltzmann's constant, h is Planck's constant, 
R the gas constant, T the absolute temperature and ant and 
ast are the enthalpy and entropy of activation for the 

exchange of molecules from the j-th coordination site into 


the bulk solvent. Tom is determined by intimate details 


of the interaction of the nuclear spin with the unpaired 
electrons in the paramagnetic ion and the electron 
relaxation time. Ultimately, the nuclear relaxation rates 
for all coordination sites are related to the tumbling 
time Ty for the complex ion. One therefore assumes that 


the ‘temperature dependence of ‘all T is determined by 


2M. 
J 

the temperature dependence of T and one writes 
ay = C exp Ey/RT F (IV-27) 


2M. M. 
J 3 


where Ev is the activation energy for molecular tumbling 
and Cu. are constants to be determined from the NMR line 
broadening data. 

The rate of nuclear relaxation of a nucleus near a 


paramagnetic ion is dominated by the fluctuations of the 


dipolar and hyperfine interactions of the nuclear and 
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electron spins. A detailed analysis of the time-dependence 


of these interactions predicts that ee 


Ty2go°BoS(S41) 1,  $ (S41) 
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where ry is the average electron-nuclear separation, Yr is 
the nuclear gyromagnetic ratio, S the electron spin angu- 
lar momentum (S = 1/2 in the present studies), A, is the 
nuclear-electronic hyperfine interaction and Tie is the 
longitudinal electron relaxation time. The first term in 
equation (IV-28) represents the dipolar relaxation and the 
second is the relaxation rate due’ to modulation of hyper- 
fine interactions. T, May be calculated from the EPR line- 
width parameters a, 8, y and 6 defined in equation 
(III-18) and measured values of the anisotropic magnetic 
parameters. The dependence of T, on these parameters is 
given explicitly by Wilson and Kivelson.7° Angerman and 
Jordan a have indicated that the linewidth parameter y 

is less sensitive to experimental errors than the other 
parameters and the values of y obtained from an analysis 
of the EPR spectra can be used to calculate reliable 
values for the tumbling times ce of the vanadyl complexes. 


y and tT, are related by the equation ao 
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Wo is here the resonance frequency of the electron and other 
symbols are as defined earlier. Since equation (IV-29) re- 
sud tsygins a. cubic, equatiom, for Thr T, Was determined by an 
iterative procedure. 

Another quantity which must be determined is the long- 
itudinal electron relaxation time Tie: The dominant contri- 
butions to Pee are the rotational modulation of aniso- 
tropic magnetic interactions ae and collisional modulation 
of spin-rotational interactions.>/ The theory of relaxa- 


tion by these mechanisms leads to the expression 
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where g,, = 2.0023 is the g-value of a free electron. 

The temperature. dependence of the contact shift of 
the NMR resonance AWy, and its dependence on the hyperfine 
coupling has been given by Bloembergen @ as 

S(S4)g.6 cA. 


Puen deternal reteren (IV-32) 
ee 3y,kT 


where Or is the frequency of the NMR resonance of the sol- 
vent. Then if 1/T oy results predominantly “from a hyper- 
fine interaction, one can calculate the expected contact 
shift and compare it with the experimental values. 

The following analyses of the line broadening in DMA 
and DMF are concerned with three types of coordination 
sites: equatorial, axial and outer sphere. The exchange 
between outer solvation sphere and bulk solvent is fast 
compared to the relaxation of nuclei in the outer coordin- 
ation sphere in the temperature regions investigated. Thus 
no outer sphere-bulk solvent exchange-controlled region for 
1/T55 is observed and the outer sphere contribution to 
1/T 5p is described only by the relaxation time n/T vos for 


the nuclei in the outer coordination sphere. 


Cy Experimental 


The investigation of the solvent exchange kinetics of 
the vanadyl complexes required measurement of the NMR spectra 


of the solvent alone and of solutions containing the para- 
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magnetic ion over the liquid range of the solvent. The 
concentration of the paramagnetic species was adjusted to 
maximize AVp while maintaining a resonance narrow enough 

to produce adequate intensities. From the recorded spectra 
were measured the widths at half height and the chemical 
shift relative to an internal reference. The raw line- 
width data were converted to 1/Top as defined by equation 
(IV-24) and plotted versus reciprocal temperature for 
subsequent analysis. These experiments were carried out 
£Or VO (DMF) . (C10 


in DMF, VO(DMA) , (C10 in DMA, and 


4)2 42 
bis-(diphenyldithiophosphinato) -oxo-vanadium(IV) in DMF, 
DMA and in N,N-diethylformamide (DEF). 

The EPR spectra of these systems were also studied 
as a function of temperature and the linewidths of the 
individual lines determined. In addition, the spectra of 
the solid solutions were recorded and the anisotropic 
magnetic parameters for the complexes were determined. 

Infrared spectra in the 1600 - 1700 cm + containing 
the carbonyl stretch absorption a were recorded for mulls 
of the vanadyl perchlorates and liquid films of the 
amides. Changes in the carbonyl absorption band upon co- 
ordination are related to the type of coordination of the 
amides to the vanadyl ion. The visible spectra of the 
vanadyl perchlorates in DMF and DMA were also recorded and 


compared with the optical absorption spectra of other 


vanadyl systems. 
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De Results 
the Analysis of Infrared, Visible and EPR Spectra 


The characteristic feature of the infrared spectra of 
DMA, DMF and coordination compounds containing these mole- 


cules as ligands, is the carbonyl absorption in the region 


6000 1700 cm™*. The carbonyl band of VO (DMF) ;(C10,) 5 
is shifted 30 cm * to lower frequency compared to uncoord- 
inated pm. ot InSaddition, the carbonyl absorption for 


the complex is considerably broader than that in the free 
solvent. This indicates that there may be a number of non- 
equivalent coordinated DMF molecules. A similar broadening 


and a shift of 40 cmt, relative to liquid DMA, occurs in 


VO (DMA) .(C10,).. 

The visible spectrum of VO (DMF) , (C10,) 5 in DMF sol- 
ution has an absorption maximum at 12,600 cm, and that 
of VO(DMA),(C10,). in DMA occurs at 12,300 cine 4° Sée Fig. 


IV-1. The absorption spectra of both complexes show 
distinct shoulders on the high energy side of the absorp- 
tion maximum just as the absorption spectrum of VOSO ,*5H.,O 
does .?+ The similarity between the visible spectra of 

the vanadyl amide complex ions and the spectrum of the 
aquo vanadyl ion indicates that the molecular orbital des- 
cription of the bonding in VO(RO Eas given by Ballhausen 
and Gray a should be valid for the amide complexes. The 
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unpaired electron in the VO (DMA) .* and vo (DMF) 2 ions is 
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expected to| be inijan orbital of; b. symmetry which is 


1 
essentially the vanadium ae atomi@ orbital, This 
orbital has regions of high electron density along axes 
which bisect the equatorial ligand-vanadium bond axes. 


The EPR spectra of solutions of VO (DMF) , (C10 and 


4) 2 
VO (DMA) -(C10)) 5 show the eight line pattern characteristic 
of an isotropic hyperfine interaction between the unpaired 
electron and the ay nucteus of spin 7/2. See Pig. iV-2. 
Each spectrum can be described by the isotropic g-value, 
Jo, and the isotropic hyperfine splitting constant oe 


AL and g, were determined from the positions of the pairs 


of lines with 51 


V nuclear spin quantum numbers +M,, and -M,, 
as described by equations (III-14) and (III-15), and the 
results of the four calculations were averaged. The mag- 
netic parameters for v0 (DMF) .** and VO (DMA) ,** were found 
to be temperature dependent. The temperature dependence of 
these parameters is shown in Fig. IV-3 and indicates that 
no changes in molecular structure are occurring as a 
function of temperature. 

The peak to peak derivative linewidths of the hyper- 
fine lines rie follow equation (III-18) and the values of 
a, 8, Y and 6 determined from a least squares analysis of 
the measured linewidths to equation (III-18) are given in 
Table IV-l1.) In onder tojextract ay, the rotational tumb- 


ling time from the linewidth parameters, the anisotropic 


Magnetic parameters were determined by studying the EPR 
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FIGURE IV-2. EPR spectra of 5 x ile Pe M liquid solutions of 
VO (DMF) , (C10,) 5 in DMF at various temperatures. 
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FIGURE IV-3. Temperature dependence of isotropic 6 
hyperfine interactions and g-values of 
VO(DMA) ,(C10,). in DMA (1) and VO (DMF) 
(CLO, an DMF (0)*. 
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TABLE IV-1 
a. EPR Linewidth Parameters of VO (DMA) , (C10,) , in DMA 
Temperature (K) a(Gauss) B (Gauss) Y (Gauss) 6 (Gauss) 
215 PS mal Os rea 7 Lays, -.054 
293 16.54 6) SS Ty / -.002 
Sao 37.76 Seo Ie -.060 
Spake LL ns 2.50 . 869 =.039 
so5 10.80 2.24 -750 “.033 
b. EPR Linewidth Parameters of VO (DMF) , (C10,) 5 in DMF 
Temperature (K) a(Gauss) 8 (Gauss) y (Gauss) 6 (Gauss) 
2:15 20.89 4.41 21. 25 .003 
293 LG ow: 3.39 1.45 -.030 
Sa3 13530 PRS Rh P08 -.025 
S13 B29 1.94 1 9°8 -.018 
35:3 10.5511: LN Pe -642 = 027 
SS 9.469 1.47 ~542 -.016 
393 SA eR iy! Ve23 436 -.Q0ll 
413 oSLoy de a. 410 -.004 


oF EPR Linewidth Parameters of Bis-(diphenyldithiophosphin- 


ato) -oxo-vanadium(IV) in DMF 


Temperature (K) a(Gauss) 8B (Gauss) Y (Gauss) 6 (Gauss) 
273 26.22 6.22 2.85 -.040 
os Je eye Sa SETS rE. SL = 0677 
SuL.3 14.78 2.80 L ..0.5 34053 
STE Re) LAS 76 Zio Sie.) -.048 
Be Re DIAZ ay, .649 -.034 
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spectra of the vanadyl complexes in solid solutions at low 
temperature. The glass spectra indicated that the complexes 
were of axial symmetry and allowed direct determination of 
the components of the g-value and hyperfine tensors along 
the symmetry axis of the molecule; Jy | and Ay respectively. 
The components of the tensors along axes perpendicular to 
the axis of symmetry were determined from the isotropic 

and parallel components using equations (III-16) and 
(III-17). In these calculations, the values of g, and av 
at 25°C were used. The values of gy) and ay obtained in 
this way are subject to some error since g, and ne are 
temperature dependent, but this error is not larger than 
the estimated errors in the values of 3) and Ay measured 
directly from the glass spectrum. The magnetic parameters 
for the vanadyl perchlorates are given in Table IV-2. 

The experimental values of y and the magnetic para- 
meters allow one to solve equation (IV-29) for Te by an 
iterative procedure. The values of ue for solutions of 
VO (DMF) , (C104) 5 and VO (DMA) 5(C10,) , are shown as a function 
of temperature in Fig. IV-4. The activation energies 
for molecular tumbling in liquid DMF and DMA obtained from 
the data in Fig. IV=4eare 2.7 + 0.1 and 2.8 + 0.2 kcal/mole 
respectively. The activation energy for DMF is in excellent 
agreement with the value 2.8 kcal/mole predicted from the 
viscosity of the liquia.°? The correlation times T, were 


required for detailed interpretation of the NMR line broad- 
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ening results as shown in a later section. 


The EPR spectrum of VO (DMA) . (C10 in liquid DMA 


4) 2 
indicates the presence of two vanadyl species at tempera- 
tures above 120°C. SeejFig. IV-5. This species may be 

Vo (DMA) ,°* although the vanadium hyperfine splitting in 
this second species is smaller than that for the VO (DMA) .** 
ion and it has been observed that loss of axial coordin- 
ation increases the hyperfine splitting in vanadyl acetyl- 
acetonate Penge. The presence of this second vanadyl 
species will have little effect on the interpretation of 
the NMR line broadening results because the abundance of 
this species is small compared to that of VO (DMA) .** in 

the temperature range used in the NMR experiments. The 

EPR spectrum of VO (DMF) -(C10,) 5 in liquid DME did not 


reveal the presence of any species other than vo (DMF) 2* 


over the liquid range of DMF. 


2 VO (DMA) 5 (C10 ,) 2 in DMA 


The 60 MHz NMR spectrum of DMA a3 at 25°C is shown 


in Fig. IV-6 and the temperature dependence of the line- 
widths of the solvent resonances is shown in Fig. IV-7. 

In the 40-90°C temperature range the resonances correspond- 
ing to the N-methyl protons change dramatically. At 40°C 
the rotation about the C-N bond in DMA is rapid enough to 
broaden the individual N-methyl peaks while at 90°C the 


two resonances have completely coalesced to a sharp singlet. 
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This large temperature dependence of Avo results in 


bs 
large errors in measurements of 1/To5 and thus data for 

the N-methyl resonance line broadening in this tempera- 
ture range were not used for analysis. The observed val- 
ues of 1/T 55 for the three methyl groups of DMA are shown 
in Fig. IV-8. The curves indicate that two definite limit- 
ing cases of equation (IV-25) are realized in different 
temperature regions: the exchanged controlled region with 


its negative slope, and the T region at higher tempera- 


2M 
tures. The activation energies of the exchange controlled 
regions are similar for all three types of protons, but 


the values of T for each group are quite different. The 


2M 
slight curvature of the 1/T55 vs pt curve at low tempera- 
tures is indicative of outer sphere and/or axial ligand 
exchange. 

The exchange reaction which dominates the line broad- 
ening is undoubtedly the equatorial ligand-bulk solvent 
exchange as observed in VO (HO). (C10,) 5 in water. The 


line broadenings were analyzed using the equation 


= 4/ (tT + 


Meg T2Meq) biti 


2Mos (IvV-33) 


where ™Meq and T2mMeq are the lifetime and nuclear relaxation 


time of a group .of. .protons..on a,.DMA molecule: jcoordinated to 
the vanadyl ion at one of the four equatorial sites, and 


n/ 


Lee represents the contributions due to outer sphere 
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FIGURE IV-8. Temperature dependence of 1/Top Hoy signal gts 
methyl protons in DMA solutions of 
VO(DMA)-(C10,)5. @, C-CH3 protons; q , 
cis-N-methyl protons; 0, trans-N-methyl 
protons; @ , N-methyl protons for the 
temperature range in which the pure solvent 
spectrum shows a single resonance for the 
two N-methyl proton groups. The solid lines 
represent the least squares fits to the 


experimental points. 
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and/or axial ligand exchange. In this analysis EMeq and 


EMos (see equation (IV-27))were taken to be equal, and the 


preexponential factors C and CuMos were determined for 


Meq 


all three methyl groups. The determination of these para- 
meters and the exchange rate parameters Aut and ast (see 
equation (IV-26)) was performed by a non-linear least 


squares analysis a Ot the iL/ Tt data tor aly three types 


2P 


of protons simultaneously. The parameters which give the 
best agreement between calculated and observed values of 
1/T55 as well as calculated relaxation rates are given in 
Tabwe 21V-3. Hithe criterion for the’ best! fit #s the mini- 
mization of the sum of squares of the relative residuals 
between experimental and predicted values. The calculated 
curves are shown in Fig. IV-8.together with the experimen- 
talipoints ; 

The chemical exchange rate and the enthalpy and 


entropy of activation are similar to those observed in the 


42,43 


solvent exchange of the vanadyl ion in water and in 


alcohols 29 which supports the assignment to equatorial- 


bulk solvent exchange. It should be noted that the values 


Of si io for the N-methyl protons are about four times 


2Meq 


as™iarge as*T “3 for the C-methyl protons. The nuclear 


2Meq 


relaxation rates T i are due to a dipolar and/or a 


2Meq 


hyperfine mechanism as detailed in equation (IV-28). If 


one assumes that the values of T for@alls types of 


2Meq 
methyl protons in DMA are determined completely by the 
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dipolar mechanism, the values of ry calculated from 1/T5p 
and ve determined from the EPR measurements are 2.7 A LOL 
the C-methyl protons and 2.0 A for the N-methyl protons. 
rs represents an average distance between nuclear and 
electronic magnetic dipoles. The value of r. £On; thie: cs 
methyl protons is reasonable since DMA is bonded to the 
vanadium ion by the oxygen. The small values of rs Calcu- 
lated for the N-methyl protons are inconsistent with oxy- 


gen coordination to the vanadyl ion and the origin of 


ais 
TomMeq 


dipolar interactions. 


for the N-methyl protons cannot be ascribed to 


The alternative interpretation, that the N-methyl 
protons are relaxed only by hyperfine interactions, re- 
quires some justification since one might expect to 
observe significant contact shifts Ue and frequency-depen- 
dent linewidths ( in this case. It must be ascertained 
if the magnitude of the hyperfine interaction is large 
enough to produce the observed line broadening, but too 
small to give observable contact shifts and frequency 
dependent widths. In order to determine the magnitudes 
of iad required to give the observed values of 1/Topr one 
must estimate Tie using equation (IV-31)..In this 
expression 1/T 1, Sian LuNnCt LONE OL M, and one calculates 


a Ad Y for the average of the possible M, Values. 2 Abt 25°C; 


le 
the average value of Tie 1G. ea lig SEC in a4. 1 KG 


field. With this value for T and the observed 1/T 55 
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values for the N-methyl protons, one obtains a value of 

2.4 x 10° sec + for the hyperfine splitting constant jee 
The corresponding contact shift of the NMR resonance AW, 
can be calculated from equation (IV-32) with the result 

590 Hz at 25°C in a 60 MHz NMR experiment. Comparison 


and 


of this AWny value with the magnitudes of ToMeq Meg 


under these conditions confirms the insignificance of the 


Aw ‘ 


mM terms in equation (IV-20). 


The most favorable conditions for the observation 
of a shift in the NMR resonance will occur at high tempera- 
ture where T2Meq dominates the relaxation. Under these 


conditions, the observed shift, Aw) ., will be given by 


(IV-34) 


For a sample containing 0.020 molal VO (DMA) , (C10) 5 in 
DMA at 130°C, the width of the N-methyl resonance is 


41 + 4 Hz, while Aw, would be 3.0 Hz since AWyy = 439 Hz 


bs 
ate130°C. This shifteinoethe resonance frequency®is 
clearly within the experimental error in determining the 
centre of a peak 40 Hz wide. 

In order to pursue the search for an observable 
shift, 100 MHz measurements were performed. One would 
expect a shift of 5.0 Hz for the N-methyl. resonances in a 
0.020 molal VO (DMA) , (C10,) 5 solution tat2i30°C.erthe 


observed shifts were 4 + 2 Hz for the N-methyl resonance 


and 2 + 2 Hz for the C-methyl resonance. These observations 
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are consistent with the hypothesis that the relaxation of 
the N-methyl protons is governed by a hyperfine mechanism 
while the C-methyl protons relax via the dipolar mechanism. 
They do not preclude the possibility that both mechanisms 
contribute to the relaxation of all protons, with the major 
contribution for C-methyl protons being dipolar, and the 
major contribution for N-methyl protons being hyperfine 
interactions. 

A further point which must be considered, is the 
frequency dependence of the N-methyl proton resonance line- 
widths. Since 1/T, contains terms which depend on the 
electronic Larmor frequency, w., (see equation (IV-31)), a 
difference in the widths of the N-methyl proton resonances 
at 60 MHz and 100 MHz is expected if the hyperfine con- 
CELHDUETPOnNO tO 1/T Meg is dominant. At130°C, the values of 


2a 


t £6r VO (DMA) ~ in DMA calculated using equation (IV- 


le’ 
Sh). Vare 6y5hx vo? andwird x ida’ sec at 60 MHz and 100 
MHz respectively. One would therefore expect the line- 
widths at 100 MHz to be 10% broader than those at 60 MHz. 
Since our estimated errors in the linewidth measurements 
are at least as large as this, the frequency dependence 
of the linewidths was not observed. 

The least squares analysis of the VO (DMA) , (C10,) 5 
line broadening data indicated significant outer sphere 


contributions at room temperature and below (see Fig. IV- 


8 and Table Iv-3). On the basis of a simple model developed 
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by Luz and Meiboom aan the average distance, dor Ofmcios- 
est approach of the solvent molecules, beyond the first 


coordination sphere, can be estimated from 


1 4n  pN[M] —-$ (S¥1) y2g282 
ToMos 45 1000 do 


where op is the density of the solution, N is Avogadro's 
number and the other symbols have been defined earlier. The 
values for dq. obtained from the values of N/T ovos given in 
Table IV-3, are 5.4 A for the C-methyl protons, 5.8 A TOs 
the cis-N-methyl protons and 6.3 A form theo trans-N-mechy. 
protons. These values seem to be smaller than one would 
expect on the basis of molecular models, but some of the 
broadening ascribed to outer sphere effects may be due to 
exchange of solvent molecules with DMA molecules coordin- 


ated at the axial position of the vanadyl. If the axial- 


solvent exchange rate were rapid, the contribution to the 


=o} 


DM asc.” anc ist 


linewidth from axial exchange would be T 
would have a temperature dependence which would be indistin- 
guishable from the outer sphere broadening. This problem 
will be discussed further after an analysis of the line 


broadening of DMF by VO (DMF) , (C104) is presented. 


2 


ys VO (DMF), (C10,) 5 in DMF 


83,86 
The 60 MHz NMR spectrum of DMF : at 25°C is shown 
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in Figure IV-9. The linewidths of the resonances as a 
function of temperature are given in Fig. IV-10. In the 
temperature range 100=-TSS%C7 "internal rotation about the 
C-N bond has an appreciable affect on the widths and shape 
of the N-methyl resonances of the solvent. Therefore 
1/To5 data in this region was not used in the analysis. 
The experimental paramagnetic broadenings of the formyl 
proton and methyl proton resonances are plotted against 
t+ in Fig. IvV-ll. The magnitude and temperature depend- 
ence of the line broadening of the methyl resonances is 
Similar to that observed for the N-methyl protons in DMA 
(see Fig. IV-8), and, at high temperatures, the methyl 
resonances are broader than the formyl resonance just as 
the N-methyl resonances of DMA are broader than the C- 
methyl resonance. The Toy (high temperature) region in 
DMF is less well defined than the corresponding region in 
DMA, but the outer sphere effects in DMF are very clearly 
defined. 

In contrast to the line broadening of the methyl 
resonances in DMF and those in DMA, the temperature 
dependence of the broadening of the formyl resonance in 
DMF is much less pronounced in the region where chemical 
exchange effects are dominant. Since all bonds in DMF 
are expected to remain intact when it coordinates with 
the vanadyl ion, the slopes of the log(1/T.5) VS ie 


lines in the exchange controlled region should be the same 
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FIGURE IV-ll. Temperature dependence of 1/T55 for the 
formyl and methyl protons in DMF solutions 
of VO (DMF) 5 (C10,) 5. 6,4 tcormy. proton: 
0 , cis-N-methyl protons; O, trans-N-methyl 
protons; @ , N-methyl protons for the 
temperature range in which the pure solvent 
spectrum shows a single resonance for the 
two N-methyl groups. The solid lines represent 


the least squares fits to the experimental 


points. 
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for the formyl resonance and both methyl resonances. Clearly 
the formyl broadening indicates the presence of an exchange 
reaction which does not appear in the methyl proton line 
broadening. 

Careful examination of the formyl 1/Top data indi- 
cates that a single straight line does not give a good fit 
of the exchange-controlled region. Indeed, the results 
are better described by two linear portions with a level- 
ling off between them near 10°/T = Shea Hanes This observation 
suggests that two exchange processes, with different rates 
and temperature dependence, are controlling the formyl 
proton line broadening in this region. One postulates 
that the broadening of the formyl proton in the low tem- 
perature part of the exchange-controlled region is due to 
exchange of a DMF molecule coordinated at the axial 
position, and that the rate of this process is different 
from equatorial exchange and distinguishable from outer 
sphere broadening. This hypothesis requires that the 
broadening of the methyl resonances by axial exchange is 
insignificant, while providing an adequate explanation of 
the formyl proton broadening. 

The unpaired electron in vanadyl complexes is local- 


cay ep eee 


ized in the vanadium dyes y* atomic orbital 
the unpaired electron density at the protons in an axially 
coordinated DMF molecule is expected to be very small. 


One expects, therefore, that the relaxation times, To Max! 
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of the protons in the axially coordinated molecule will be 
determined by dipolar interactions between the electron 

and nuclear moments, not by hyperfine interactions. The 
dipolar relaxation time for the formyl proton in an axially 
coordinated DMF molecule is expected to be about 50 times 
shorter than that of the methyl protons because the inter- 
action distance for the methyl protons is about twice as 
large as that for the formyl proton and the dipolar line- 
width varies as the sixth power of the interaction distance 


(see equation (IV-28)). One expects, therefore, that 


Hl 


nee for the methyl protons is small, but (T ) 


(Tomax 2Max 


for the formyl proton is comparable in magnitude to T a 


Meq 


in the low temperature portion of the exchange-controlled 
region. Since the line broadenings of the methyl reson- 
ances in the exchange-controlled region show no signifi- 


cant deviation from a single straight line, it was. 
pre for the methyl protons is negligible 
-1 cpl 


compared to either (Treg) or ToMeq } 


assumed that (To vax 
The line broadening data was analyzed by a least 
Squares method in terms of the model postulated above 
which describes the formyl proton widths as arising from 
the exchange between bulk solvent and three distinct 
coordination sites (axial, equatorial and outer sphere), 
and the methyl proton broadening arising from exchange 
between solvent and two distinct sites (equatorial and 


outer sphere). The 1/T op data for both methyl resonances 
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was analyzed first in order to determine Le ast , 


E,, and the preexponential factors C 


M and Cuos for each 


Meq 


methyl group. Next, the formyl line broadening data was 


ft holding Aut j Ast and E,, constant at the values 
ed eg M 


determined from the analysis of the methyl proton data, 


ast and C FOr 


and the parameters AH “ ax! CMax! Meg Mos 


x 
the formyl protons were varied until convergence of the 
least squares procedure was achieved. The solid curves 
in Fig. IV-1ll are calculated using the parameters obtained 
from these least squares analyses. The parameters and 
calculated Fe ilesation rates are given in Table IV-4. 

The relaxation rates for the methyl protons in DMF 
at high temperatures are considerably higher than that for 
the formyl proton. If one assumes that 1 i for’ al® types 
of protons is dominated by dipolar interactions, interaction 
dveitances of ‘2.6, 7°32 ‘and 7270 A for equatorial formyl pro- 
tons, axial formyl protons and equatorial methyl protons 
respectively are obtained. Arguments analogous to those 


given in the analysis of T for the N-methyl protons in 


2Meq 
DMA lead to the conclusion that the methyl protons in DMF 


are relaxed predominantly by hyperfine interactions modu- 
lated by the relaxation of the unpaired electron of the 
Vanadyl complex, while dipolar interactions modulated by 


molecular tumbling account satisfactorily for the magni- 


tudes of (T oe and (T ai for the formyl protons. 
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The interaction distance between the unpaired electron and 
the formyl proton in axial coordination is significantly 
larger than the interaction distance for the formyl proton 
in equatorial coordination. This is in agreement with the 
weaker bond between the axial ligand and the vanadium 
atom, and is supported by crystallographic studies of other 
6-coordinate vanadyl complexes .° 

The interaction distance between the unpaired elect- 
ron and the methyl protons of an axially-coordinated DMF 
molecule will be at least 5 A if the interaction distance 
Eorethesfiormy loprotontinvaxialacoordination isa@3.2 A. The 


relaxation rate (T Fd for methyl protons is therefore 


2Max 
insignificant (410 sec? at 25°C) compared with (ngeaa) 7 
One (a “oes As indicated above, no hyperfine contri- 


Meg 


bution to the methyl (T ai is expected since the un- 


2Max 
paired electron density is very small at the axial methyl 
protons. The neglect of broadening of methyl resonance by 
axial exchange was therefore justified. 

The hyperfine interaction for the equatorial methyl 
protons must be 2.0 x 10° sec + nt i peenit is determined 
only by hyperfine interactions. This interaction is 
slightly smaller than the value determined for the N-methyl 
protons of DMA, and arguments, analogous to those presented 
previously for the DMA N-methyl data, can be given to 


account for the unobservability of frequency shifts or 


frequency-dependent line broadening. 
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The outer sphere interaction distances for the pro- 
tons in DMF were calculated using Luz and Meiboom's theory 


85 


and the values of n/T given in Table IV-4. The 


2Mos 
distances are 5.2, 5.4 and 5.8 A respectively for the 
formyl, cis-methyl and trans-methyl protons. These values 
are smaller than those determined above for DMA molecules 
in the second coordination sphere of vo (DMA) £*, and the 
effects of axial exchange have been included explicitly 
here. It would appear that the outer sphere interaction 
distances obtained from N/T vos are smaller than one would 
expect on the basis of molecular models and that this is 
due to the naivity of the model for outer sphere inter- 
actions, not the neglect of the axial exchange process. 


The observation that the n/T values are approximately 


2Mos 
equal for all three types of protons suggests the molecular 
arrangement in the second coordination sphere is not highly 
structured. Then orientations of the amides may be such 
that on the average the methyl protons are nearly as close 
as the formyl proton to the vanadyl ion. Another possib- 
ility is that outer sphere relaxation results from a hyper- 


fine interaction which may be more effective for the methyl 


protons than the formyl protons. 


4, Bis- (o-phenanthroline) -oxo-vanadium(IV) Perchlorate 
in DMF 


The results presented in the previous section indicate 
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that the effect of axial exchange on the solvent line 
broadening could be separated from the effects of equator- 
ial exchange in certain circumstances. A simple chemical 
method of accomplishing this separation is to choose a 
system where the equatorial sites are blocked and only 

the axial site can accept the solvent molecules. Further- 
more, the species should have a formal charge of +2 for 

a meaningful comparison of the results with the vanadyl 
ion studies in sections 2 and 3. The neutral bidentate 
ligand, o-phenanthroline, is believed to ee aii at 

the equatorial positions of the vanadyl ion and the re- 
sulting complex has a +2 charge.>? Solvent line broadening 
studies of DMF solutions of the bis-(o-phenanthroline) -oxo- 
vanadium(IV) complex were performed and the results are 


shownein Fig. LV<-12<¢) ‘The L/t data indicate an exchange 


Ze 
controlled region above 60°C, but the EPR spectrum at the 
same temperature, shown in Fig. IV-13, indicates the 
presence of two species in solution. Presumably, the 
o-phenanthroline ligand is being replaced by DMF at the 
equatorial position in the first coordination sphere 
above 60°C. The exchange of these DMF molecules can then 
contribute to 1/T,,- Calculations showed that the 1/Top 
values given in Fig. III-12 are compatible with 10% con- 
version of the bis-(o-phenanthroline) -oxo-vanadium (IV) 


to vo (DMF) .**. The lower values of 1/T 55 observed in the 


outer sphere Tou region for bis-(o-phenanthroline) -oxo- 
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60°C 


200 Gauss 
a 


120°C 


EPR spectra of 16 M liquid solutions of 
bis- (o-phenanthroline) -oxo-vanadium(IV) 
perehnlorate) in DMF at 60°C and 120°C. The 
stick spectra for the two vanadyl species at 


120°C are given at the bottom of the figure. 
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vanadium(IV) in DMF compared to VO (DMF) .** in DMF (see 

Fig. IV-1l) reflect the bulkiness of the o-phenanthroline 
ligands; i.e., the outer sphere interaction distances are 
considerably larger for bis-(o-phenanthroline) -oxo-vanad- 


TUMCLVY) Schan for VO (DMF) .** 


5. vO (acac) 5 in DMF 


The VO (acac) 5 complex is another system in which 
only one position is available for coordination by the sol- 
vent. In contrast to the systems already described 
VO (acac) 5 is neutral and one expects the rates of exchange 
of electron donating solvent molecules from the axial 


47 


position to be faster than in VO (DMF) , (C10 The 


ees 
NMR solvent line broadening of DMF caused by VO (acac) 5 is 
shown in Fig. IV-14 and shows no indication of an exchange 
controlled region. Apparently, the exchange is too fast 
to control the 1/T5p values. The 1/Top values are described 
by the equation 1/T 5p = 4.5 exp (1,800/T) which is the 


equation of the solid line in Fig. IV-14. 


Gs Bis-(dipheny1dithiophosphinato) -oxo-vanadium (IV) in 
DMF, DMA and DEF. 


The NMR line broadening of DMF, DMA and DEF by the 
vanadyl dithiophosphinate was investigated to gain more 
information about the nature of the vanadyl species in 


solutions containing the dithiophosphinates and Lewis 
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bases. Complete replacement of the dithiophosphinate 
groups in the first coordination sphere by the solvent 
molecules DMF or DMA would result in the species VO (DMF) .** 
and VO (DMA) .**. The line broadening for the perchlorates 
of these ions have already been presented in section 2 and 
34 

The 1/T 5p data for DMA solutions of the phenyl 
comp¥ex”is shown in Pig. IV-=15. The plot of this data is 
almost superimposable on that for VO (DMA) , (C104) 5 in DMA 
shown in Fig. IV-8 except for the high temperature region. 
The equivalent line broadening results for the two systems 
below 100°C indicate that the diphenyldithiophosphinate 
chelates are completely displaced from the first coordin- 
ation sphere of the vanadyl ion. At higher temperatures, 
the diphenyldithiophosphinate presumably becomes coordin- 
ated to the vanadyl ion and this effectively reduces the 
line broadening in the Tom region. This is supported by 
the EPR spectrum of the DMA solution of the phenyl com- 
plex at 145°C which shows patterns of low intensity that 
arise from coupling of the electron spin with other nuclei, 
namely Ne of the diphenyldithiophosphinate. The least 
squares fit of the dithiophosphinate line broadening data 
to the model proposed in section 2 for the vanadyl per- 
hlorates in DMA gave the parameters given in Table IV-5a. 
The least squares curves are shown in Fig. IV-15 together 


with the experimental data. A comparison of the parameters 
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FIGURE IV-15. 


‘phosphinato) -oxo-vanadium(IV). @, C-CH 


16,7; 


2:8 ty, 3.4 40 
10°9/T( K7') 


Temperature dependence of 1/T5, for the methyl 


protons in DMA solutions of bis-(diphenyldithio- 
3 
protons; 0), ¢cis+N=methyl protons; 0, trans- 
N-methyl protons; @™ , N-methyl protons for the 
temperature range in which the pure solvent 
spectrum shows a single resonance line for the 
two N-methyl proton groups. The solid lines’ 
represent the least squares fits to the experi- 


mental points. 
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in Table IV-5a with the corresponding parameters for the 
VO (DMA) - (C10,) 5 system given in Table IV-3, indicates that 
the parameters for the two systems are equal if one con- 
Siders the error limits for the parameters to be twice the 
standard errors. — The larger value of Ey for the dithio- 
phosphinate system compared to the perchlorate system 
reflects the difference between the systems in the high 

OM region. If one considers the 1/T55 data 
in Fig. IV-15 for temperatures below 10° /r Sait only, 


temperature <1 


then the value of E,, is decreased from 4.7 to 3.1 kcal/ 


M 
mole. The parameters determined from the least squares 

analysis for the data below 10°/T = 2.4 K+ are shown in 
Table IV-5b and are in good agreement with the parameters 


FOX VO (DMA) . (C10 in Table IV-3. 


4) 2 
Fig. IV-16 shows the 1/Top data for DMF solutions 
containing bis-(diphenyldithiophosphinato) -oxo-vanadium 
(IV). The measured line broadenings above 100°C were 
found to vary with the length of time a sample remained 
at these elevated temperatures, and therefore are not 
considered in the following analysis. A comparison of the 
data in Fig. IV-16 with the corresponding data for 


VO (DMF) , (C10 in DMF shown in Fig. IV-1l shows that the 


4)2 
1/Top values, for both the formyl and N-methyl protons, 
at a given temperature in the exchange controlled region 


are significantly larger for the phenyl complex than for 


VO(DMF) ,(C10,) 5. This result indicates that the diphenyl- 
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FIGURE IV-16. Temperature dependence of 1/To5 
for the formyl and methyl protons in DMF solutions 
of bis-(diphenyldithiophosphinato) -oxo-vanadium(IV). 
@®, formyl proton; 0, cis-N-methyl protons; 0, 


trans-N-methyl protons. The solid lines represent 


the least squares fits to the experimental points. 
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dithiophosphinate ligand is not completely displaced from 
the first coordination sphere of the vanadyl ion when the 
phenyl complex is dissolved in DMF. The EPR spectrum of 
the phenyl complex in DMF shows broader lines than the EPR 
spectrum of vO (DMF) ,** ata given temperature *as can be 
seen from’a comparison of the linewidth parameters in Table 
IV-1. This suggests that the complex formed in DMF solu- 
tions containing the phenyl complex has a larger hydrodyn- 


; : + 
amic radius than VO (DMF) .* - Also, the EPR spectrum of the 


phenyl complex in DMF shows no hyperfine coupling with the 
phosphorus nucleus which suggests the diphenyldithiophos- 
phinate coordinates as a monodentate ligand. Furthermore, 
the conductance of the DMF solution is linear in the con- 
centration of the phenyl complex which indicates that 
there exists a dissociated species in solution. These 
results require that the predominant vanadyl species in a 
DMF solution of the phenyl complex at room temperature 

has one equatorial coordination site occupied by a mono- 
dentate diphenyldithiophosphinate and the remaining coor- 
dination positions occupied by DMF. The methyl proton 
broadening data was then fit to this model and the para- 
meters ant oo ast .g. E,, and the prexponential factor CuMo 


M 


were determined for each of the methyl groups. Values 


S) 


of CMeq were not determined since the Tom region is not 


defined by the data for the methyl protons in Fig. IV-16. 


Next the formyl proton data was fit holding ant, asta, 
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and Eu constant at the values obtained from the methyl 
data and varying the axial parameters as was done for the 


case of VO (DMF) - (C10 The parameters and calculated 


4)2° 
relaxation rates are shown in Table IV-6. A comparison 
of the parameters in Table IV-6 with those for 


VO (DMF) - (C10 in Table IV-4 indicates that the rate of 


42 
equatorial exchange is five times faster in the dithio- 
phosphinate system. 

The line broadening in DEF by the phenyl complex was 
investigated in order to determine whether the formyl 
proton broadening in DMF was typical of other formamides. 
Fig. IV-17 shows the 1/T 5p results for the formyl proton 
of DEF solutions of bis-(diphenyldithiophosphinato) -oxo- 
vanadium(IV). The temperature dependence of the line- 
width of the formyl proton resonance of the pure solvent 
DEF is shown in Fig. IV-18. The 1/T55 data shown in 
Fig. IV-17 has a temperature dependence similar to that 
for the formyl proton of DMF solutions of bis—{diphenyl- 
dithiophosphinato) -oxo-vanadium(IV) shown in Fig. IV-1ll. 
In the exchange controlled region, the 1/To5 values ata 
given temperature are equal within experimental error for 
the two systems. However, 1/T5p values in both the inner 
sphere and outer sphere Tom region are larger in the DEF 
solvent. One would expect the 1/Touos values in DEF to 


be smaller than in DMF since the vanadyl complex in DMF 


which has one monodentate diphenyldithiophosphinate ligand 
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and four DMF ligands coordinated to the vanadyl ion is 
expected to have a smaller effective radius than the 
corresponding vanadyl complex in which the DMF ligands are 
replaced by DEF. ‘On the other hand, MRL Grech act Of DEF 
may be large enough to increase i sufficiently to yield 


the higher values of 1/T Tn DEF“ than “an” DMF Ce THES 


2Mos 
would also account for the higher 1/T oy values observed 
in DEF compared to DMF. An analysis of the DEF system 

in terms of axial and equatorial exchange is not feasible 
Since the component of the formyl proton line broadening 
due to equatorial exchange is not known and cannot be 
determined from the CH, or CH. proton resonances since 
linewidth measurements for these resonances are hampered 


by the spin-spin splitting of these resonances and were 


therefore not undertaken. 


ES Discussion 


stag Vanadyl Perchlorates 
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The O line broadening by VO(H,0) - (C10 at low 


a) 2 
temperatures has been attributed to the exchange of water 
molecules coordinated to the vanadyl ion with lifetimes 
which are much shorter than those of the water molecules 
coordinated at equatorial sites in the first coordination 


aAe.72 Either the exchange of an axially- 


sphere of the ion. 
coordinated water molecule or molecules in the outer sol- 


vation sphere could account for the experimental observa- 
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tions. Line broadening by vanadyl complexes in other sol- 
vents ome gives similar results with no resolution of 

the two processes which can conceivably explain the slow 
exchange region broadening. The VO (DMF) , (C10,) 5 line 
broadening: data presented in this thesis constitute an 
example where the outer sphere effects can be separated 
from line broadening due to axial exchange. The large 
difference in the dipolar relaxation times for the formyl 
and methyl protons in axially-coordinated DMF molecules 
makes the formyl proton linewidth sensitive to axial ex- 
change while the methyl linewidths are not appreciably 
affected. In an attempt to substantiate the assertions 

in the VO (DMF) ,(C10,) 5 system, one can study the line 
broadening of the DMF resonances by bis-(o-phenanthroline) - 
oxo-vanadium(IV) perchlorate, a molecule in which the 
equatorial coordination sites of the vanadyl ion are 
occupied by the bidentate o-phenanthroline ligands .?° 
The NMR data shown in Fig. IV-14 indicated an exchange- 
controlled region above 60°C, but EPR studies indicated 
the presence of a second vanadyl species at this tempera- 
ture. See Fig. IV-15. Presumably, the o-phenanthroline 
ligands are not bound strongly and may be displaced by 
DMF solvent molecules and the equatorially-coordinated 
DMF molecules account for the exchange-controlled line 
broadening. 


The uncharged vanadyl acetylacetonate complex and 


CL 


&. 


af 
= 
—s 


o Korseeaues On Hk edlvess a. coats 
wole’ sit ates: ake yidsv {vend OB, soirw e ong 
Seni Lie (yor: Saat ia pAR eadaheovd coteen + 

As, 5 S32 80D pie Beds) wk besneeexq s2ab-e 
bedaiaqee Sd no efasthe onarge xetu0 edt: esesnspion 
episl sdT -spnstiox® De hts od aub eniasbsoxd, ane | 
ivmxtot ont aot Beams noissxe los rsLogip adil! AL. 9 INST: a 
aeluoslom aM d bosehibvoooeylisixs reas anosoxg nyttom, 6 
-xe Jeixs oF ovis ieaee Atbbwontt netoxrg Lymx02 eit Wi 
yidsipssqqs Jon Sus adth twenkl Angas om. nh eLidw ; 
sngitxeaes ont odstiagitedde of Iqmedse, mB) ak pio: 26' 
antl edd ybute nso 9HO ves exe sciiinasatsii e 

~ (onilordsosngnig-o)-eid yd alah atlieeaite: “ ont awe ! bBO 


sis dsinw mt alunel orn 8 SFR noth 
eats not fybensy ont to. eats 


S -ebaspil sat fords asmeng-o ess af 


~Sprsdoxes o6 betes foot S{[~-Vi 25, ak awosie 
' Set50 fhnt velbute HIM) A sale lk evods anit 
-stegiist eidd ts ssiooge: tybsasw binemen 8. to 


entlozitnsasdg-o ont, ‘ilenankiadele aise vot eae 
ya) vostnaae od yaa = one 


ru tes aaa 


ivmasotiien sicssadhabiaiaad : Lybee 


4 i . hi 


17 Oe, 


its effects on the linewidths of the proton resonances of 
DMF were investigated also. In this case, no exchange-con- 
trolled region was observed. See Fig. IV-16. The rate 

of exchange between bulk solvent and axially-coordinated 
DMF molecules must be too fast to control the line broad- 
ening. The vanadium-DMF bond is probably weaker in the 
vanadyl acetonate-DMF adduct than the axial vanadium-DMF 
bond: in VO (DMF) .** because the acetylacetonate is uncharged, 
and this would result in a more rapid ligand exchange. 


ad have shown that the equatorial 


Wuthrich and Connick 
ligand exchange rate in uncharged complexes is approxim- 
ately 10? times faster than the exchange in charged com- 
plexes. One might expect therefore the rate of axial 
exchange in the acetylacetonate to be of the order of Lo” 
sec a since the axial exchange rate in v0 (DMF) “* is 


39 of the axial exchange rate 


10° sec ~. EPR studies 
in amine adducts of vanadyl acetylacetonate indicate that 
a rate of 10’ sec + is eminently reasonable. 

The axial exchange rate in VO (DMA) .** is probably 
too fast, over the accessible temperature range, to con- 
tribute to the line broadening. The solvent freezes 
before axial exchange becomes slow enough to control the 
linewidth of the C-methyl resonance. The rate of equat- 
orial exchange in vo (DMA) .** is 25 times faster than in 


VO (DMF) .7* at 25°C, and has a lower enthalpy of activation. 


This reflects a weaker vanadium-ligand bond in the DMA 
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complex ion as one might expect on steric grounds. Steric 
factors would also increase the interaction distances 
between the unpaired electron and the protons of an axially 
coordinated DMA red ell Ge This would decrease esend 
and lower the axial contribution to the linewidths as 
compared to the VO (DMF) .** case. 

The plots of log Q/T,5) vs T for all three types of 
protons in DMA in Fig. IV-8 show a slight curvature at low 
temperature. It was assumed that this curvature was due 
to outer sphere effects since an axial exchange contribu- 
tion, at least on the basis of the DMF results, should have 
produced a broadening of the C-methyl resonances while the 
N-methyl proton widths should have remained unaffected. 

The distances of closest approach by outer sphere mole- 
cules in DMF and DMA studies are comparable. However, in 
both cases, the N-methyl interaction distances for outer 
sphere molecules appear to be smaller than molecular models 
would predict. This may result from orientation of the 
molecules in the second solvation sphere in positions 

where the N-methyl protons are close to the paramagnetic 
center. Another explanation of the small outer sphere 
interaction distances invokes small hyperfine interactions 
to molecules in the second coordination sphere. Such a 


47,89 


mechanism has been postulated for other systems 
the cause of the small outer sphere distances in the pre- 


sent case is unclear. 
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The coordination of oxygen donors to metals is 
generally via two modes: linear coordination and angular 
coordination. In linear coordination the metal occupies 
a position between the two lone pairs of the oxygen atom, 
while in angular coordination the metal bonds to one of 
the lone pairs. Line broadening studies with Co (DMF) ¢ 


88 


(C10 indicate that the Co-O-C bond is bent, signify- 


4) 2 
ing angular coordination. The crystal structure of 

Fe (DMF) .>* also supports the angular modeie- Coordin- 
ation of the planar DMF molecules in the xy plane results 
in steric crowding and orientations parallel to the xz 

and yz planes or slightly pitched from these planes is 
likely. Two possible coordination arrangements are 
illustrated in Fig. Iv-19. Structure I is favored because 
of less steric hindrance with the axial solvent molecule. 
Furthermore, tilting of the DMF molecule would make the 

two CH3 groups more equivalent with respect to the arene 
orbital. Structure I alsovKeeps the C-H proton well 
removed from regions of high ees probability which 
supports the observation of only dipolar coupling to the 
C-H proton. On the other hand, scalar coupling through 
Space may be less favorable than scalar coupling through 
the t bonding systems of DMF and DMA. There are many 
sterically reasonable conformations of the complex ions 


in which the overlap between the vanadium 3d,,.2_.2 atomic 


orbital and the amide t-molecular orbitals is favorable. 
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Since the vanadium Borate 2 orbital energy a is similar to 
the energies..of, the highest.occupied t-orbital,of; the 


amide ligana °? 


, the molecular orbital containing the un- 
paired electron should have some of the character of this 
filled t-orbital of the free amide ligands. The highest 
occupied t-orbital of the amide moiety has large ampli- 
tudes at the nitrogen and oxygen atoms, but has smaller 
amplitude at the carbon atom ese The unpaired electron 
density at the nitrogen atom should be greater than that 
at the carbon atom, and hyperfine interactions with the N- 


methyl protons should therefore be more significant than 


those with formyl or C-methyl protons. 


Dia Vanadyl Dithiophosphinates 

The. EPR» Wiatrared.and,conductance,.measurements | rey 
ported in Chapter III supported the existence of ionic 
species when vanadyl dithiophosphinates were dissolved in 
Lewis bases. The same types of experiments in mixed sol- 
vents suggested equilibria between species with various 
numbers of coordination positions of the vanadyl ion 
occupied by Lewis base molecules. The NMR line broadening 
data presented in this Chapter confirm that DMA completely 
displaces the diphenyldithiophosphinate groups from the 
first coordination sphere of the vanadyl ion when bis-( 
Giphenyldithiophosphinato) -oxo-vanadium(IV) is dissolved 


in DMA at room temperature. At higher temperatures the 
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diphenyldithiophosphinate again coordinates to the vanadyl 
ion which parallels the observations in Chapter III for 
the vanadyl dithiophosphinates in the mixed solvents HMP- 
toluene, DMF-toluene and pyridine-Cs.. The prominence of 
uncharged species at high temperatures is presumably due 
to the decrease of the dielectric constant of the solvent 
with increasing temperature. 

In contrast to the DMA line broadening results, the 
1/Top data for DMF solutions containing bis-(diphenyldi- 
thiophosphinato) -oxo-vanadium(IV) indicated that one 
equatorial coordination site of the vanadyl ion is 
occupied by a monodentate diphenyldithiophosphinate ligand. 
The exchange rate for the DMF molecules coordinated at the 
remaining three equatorial sites was greatly enhanced 
compared to equatorial exchange rates for VO (DMF) .**. This 
is expected since the coordination of the diphenyldithio- 
phosphinate anion to the vanadyl ion reduces the charge 
on vanadium and weakens the electrostatic V-DMF inter- 


We have presented similar 


action. Wtthrich and Connick 
evidence which shows that the ligand exchange rate in- 
creases when the formal charge on vanadium is reduced. 
Since conductivity measurements were undertaken 
only at room temperature, it is not known whether the 
species at high temperatures has one or two diphenyldi- 


thiophosphinate groups coordinated to the vanadyl ion. 


If coordination by the monodentate diphenyldithiophosphin- 


4 


ne R c Maret ‘ \ jl J 
Se STEM 


wt It et abe ar ‘ainsi ; 
-4Mit atnsviog baxim n> kt asta alsay 
to. ecnesinoxq ait | . ADronthiayg bas sun tod=O 
eub yldemesxq ef eotuss raqmed phd +6 eed i 
traviog os to Snes enoo oeeaoetemy ett to aa st ait sie: 
| . oun deteenied eitieboxont’ 1 

eit ,etlvasr pokasbsow sail AMT oxi ot sesrsneg et wm 
~ibi yasieib) -eta prcbrtintings adosaetos Wa 408 stab 


qe 


ano steicic betes thmt (VI)mo Ebscis-oxo- 

ei not Lybenev etd Ro ette notsentbiooo ae 

-baspil stsaitiqaodgeitr ths ae sietasbonom 8 yd bo 
eit +6 bavsathoos ealyvosl em ama edt +o? eter en 


bsonsdas ylissap esw addhie saneraan ‘etc tae 


aldiT *5 aaa) OY x62 pedex opnerioxe {pis 


-oldtibiynedgib sax 3o noitenibroos ait pare bases 
spisio edt aeoubsx ot tybeony eid oF woins 
~uegak IMG-V oidst2oisesite’ Sit enostisew Bis. mats b 7 
isiimie bosagzerg sve te xoinaod bas soba Ala D 
~i ets Seaham prepit edt seett ewode dio teiw eaabive i | | 
ersits Lemrot oft medw sodeets 
nssbadebeus eisw  eeain hated iaiacrniaatiataal sake. nm 
ost asitedw mwond Ott at dE (ow | 

2 LByretaib ows 46 ‘no + 


bsoubsx eat mm gay O- 


WG stoke 


ate occurs at two equatorial sites, then the number of 
equatorial sites for DMF coordination is reduced to two 
which could account for the small 1/Toy values observed 


for the formyl proton for the phenyl complex compared to 


VO (DMF) . (C10 Coordination of two diphenyldithiophos- 


Dor 
phinates to the vanadyl ion produces a neutral complex 
which further decreases the strength of the vanadium-DMF 
bond. This effectively increases the vanadium-formyl 
proton interaction distance and consequently decreases 
the values of 1/Tou- If different species do indeed 
exist in DMF solutions containing the phenyl complex, 
they must have similar magnetic parameters because the 


EPR spectra of the DMF solutions showed no evidence of 


more than one species. 
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CHAPTER V 
CrOmNeC ie Ul Sao) IN 
A. Vanadyl Coordination 


Several conclusions can be drawn from the results 
presented in this thesis which improve the understanding of 
the chemistry of vanadyl complexes in solution. Hopefully, 
these conclusions will be useful in the planning and inter- 
pretation of further studies of five and six coordinate 
vanadyl complexes. 

A popular assumption in studies of the chemistry of 
vanadyl complexes has been that five coordinate vanadyl 
complexes take up a Lewis base type molecule at the vacant 
axial position. In contrast, the primary conclusion drawn 
from the investigation of the oer uers of the five coordin- 
ate vanadyl dithiophosphinates with Lewis bases reported 
in this thesis is that these complexes form six coordinate 
complexes by coordination of Lewis bases at an equatorial 
position with the simultaneous rearrangement of one dithio- 
phosphinate chelate to occupy the axial and one equatorial 
site. No evidence for axial coordination was obtained. 
These observations are complemented by the recently pub- 
lished work of Caira, Haigh and Nassimbeni : who found 
that some Lewis base adducts of VO (acac) 5 also exhibit this 
stereochemistry. Other Lewis bases have been shown to 


coordinate preferentially at the axial position of VO (acac) »- 
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Unfortunately, neither VO (acac) , nor the vanadyl dithiophos- 
phinates have been studied in a large enough variety of 
Lewis bases to establish any correlations from which pre- 
dictions about the site of coordination could be made. 

A second conclusion of the studies with the vanadyl 
dithiophosphinates is that the dithiophosphinate chelate can 
behave as a monodentate ligand coordinated to the vanadyl 
ion. In such a complex, the site vacated by the dithio- 
phosphinate sulphur is occupied by a Lewis base. Mondentate 
coordination has also been postulated for metal complexes 
of the difluorodithiophosphate ligand on the basis of in- 
frared and NMR P-F coupling constants.?° 

The displacement of the dithiophosphinate moiety 
from the first coordination sphere of the vanadyl ion by 
DMF molecules in contrast to the observed stability of 
VO (acac) 5 in DMF indicates that the V-S bond is consider- 
ably weaker than the V-O bond in VO (acac) ,. This can 
probably be attributed to the stronger electrostatic inter- 
action between the positive vanadium and electronegative 
oxygen. 


ue hyperfine splitting in 


The observation of the 
the EPR spectra of the five coordinate vanadyl dithio- 
phosphinates and their six coordinate Lewis base adducts 


Supports the conclusion that the unpaired electron 


occupies the vanadium d,.2_y? orbital. |) This same conclusion 
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was reached by Kivelson and Lee's study of vanadyl tetra- 
auerbemao stant ewthiae conclusion seems to be applicable to 
all vanadyl complexes since no sataened has been presented 
to support occupation of a different orbital by the unpaired 


electron. 


Br _ Vanadyl Exchange Kinetics 


Kinetic studies are a useful method for investigating 
the details of reaction mechanisms. In particular, the kin- 
etic studies of the vanadyl perchlorates undertaken in this 
thesis elucidated the differences in the properties of the 
equatorial and axial coordination sites of vanadyl complexes. 

The most interesting conclusion from the NMR line 
broadening studies is that the lifetime of DMF in the axial 
coordination position in VO (DMF) ,(C10,) 5 is as long as 
tix 10m seconds at room temperature. This is surprising 
since it has been believed that the coordination at this 
site is very weak and that lifetimes of ligands in the 
axial site would be of the order of 10 f - tos © sec as 
reported for the lifetime of the pyridine adduct of 
vO (acac) 5 by Walker, Carlin and Rieweanis The large dif- 
ference in lifetimes in the two systems is due to the 
stronger axial bonding in VO (DMF) .(C10,) 5 in which the 
vanadyl ion has a positive charge. Undoubtedly, the 
lifetimes of molecules coordinated at the axial site in 


other cationic vanadyl complexes have magnitudes similar 


-88L 


~s1j9% Ly¥bsnav to vbusa e'eal Bae 
SL ive ms re mes ‘al nv 
oz eldsoilggs od ot ‘amgae aoiewLation aid as een 

mote) 8 Saree soep 

botns2srq nooel epi eonebive on seale eexelqmoo ‘ese 
i (en ae y @ id :* | 
betisatiw eft yd Lad bea Jneret2Lb . 20 aolssquese + 
an, nny sf haw" Bayt 


et) 
_ = 


oh 
aoe tit ar ri 


pattepitesvni yet bortom furtenee & 918 “agibuse ison 
ir AVR 

~tld sd3 ,tsluoisis ni . ema ins doom nolsose3 ie alingb 
'e bz os 

aint oi niseledrebau asdexol sored Iybaasy ent to eeibuge > 


aus to eo Jiagorg sA3 at eouners33 tb ori beisbiouts al vt 
sxslamo lybsasv to eetia noltsalbxo00 le bas al 
stil AMA ada weer roteylono enidaozagal roar. ent’ 
{sixes odd ni QMO to omitoetel ong gens et selbuse pa ts b>) = 
Be prtet 36 Bs teen s ma) ov wren pois tog teers 5 pe 
pileitoxree ef aid? OTUs STOgMeS moor 38 ebaoose 


‘ae wee Tf saaaye i re 

2idt te noitsatbroos sit, tad? bevelled aged esd ti sonte ; 
Lack AMA Uy ae 

oft mi abespil 20 eombsenht asda bae isew yiev et stte — 


g- iets i? “eT | 4 ite a thf 
e6 ogee Of = i % z9b%0 ods 20 ed Bluow ojia Isixs h 
wie” site ai} bi Oreodg | Mi 


x0 toubbs etibizyy eg to emkge ht ‘eit anne san 
ie ald . 
-~%Eb doce t sat °C sspaia au nied steals vd a 9808) OV 


add og amb 2k sedate ows aad rik senizerit ni sonore? 

aM Lynas a RS ia oP 

aft doidw at g (0890. (aM@)ov. nh pnithagd <corieta 
‘ont  yibsrduobau «aye nchtapelag amr.) 6 oem noi L Vv 
at ‘wis Pepa 


ni othe isixs otis as bet antbro00 _setusatom 20 zomiteril 


»¢ SOUR . aah apy alle Ba) iadi» 
isLimie Band Larges ved 3 bt ie ur | sedto 
er eto) Set a 


its 


to thatxin VO (DMF) , (C104) 5 but the combination of chemical 
systems studied and experimental measurement methods used 
could not isolate the axial exchange effects. Indeed, this 
was found in the study of VO (DMA), (C10,) 5 from which no 
conclusions about axial exchange can be drawn. 

A comparison of the exchange parameters for the 
vanadyl ion in a number of solvents is given in Table V-l. 
Although DMA and DMF have nearly identical electron donor 
properties on the basis of the classification proposed by 
Gutmann ae DMA exchanges about 25 times faster than DMF. 
This difference is attributed to the steric interaction 
caused by the C-CH, group in the VO (DMA) .** complex. The 
Slower exchange rate of DMF compared to HO is due to the 
Significantly smaller electron donor strength of water. 
Similarily, CH,CN has a weaker electron donor strength 
than sH-O ‘and CH 


2 i: 


ah 
H,0. The large error Lintts fon An” and Ast in the earlier 


study of the solventline broadening of vanadyl perchlorate 


CN exchanges about six times as fast as 


in DMF 23 result from the attempt to fit the formyl proton 
line broadening data to a single exchange process. As 
shown in this thesis, the line broadening is determined 

by both axial “and equatorial exchange and the data"do not 
correlate well with a single exchange mechanism. The sig- 
Higicantiy larger value: for aut obtained in this thesis 


is in much better agreement with the Aut OF HO as expected 
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for Solvent Exchange from the Solvated 


Vanady1 Ion 
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on the basis of electron donor properties. From Table V-1l 
one then concludes that the lifetime of the solvent molecule 
in an equatorial site depends on the electron donor properties 
of the solvent and its steric characteristics. 

Another interesting feature of the vanadyl-amide 
studies is the assertion that the N-methyl proton relaxation 
times result from modulation of hyperfine interactions 
between the protons and the unpaired electron. Previous 
proton NMR studies of the vanadyl systems have consistently 
explained relaxation times by postulating only a dipolar 
interaction between the protons and the unpaired electron. 
Often the magnitude of the electron nuclear interactions 
was not considered since the 1/Toyy limit was not observed 
in the line broadening data. This was the case for the 
study in CH,OH and CH,CN. However, a re-examination of 
the results for CH,CN shows that a hyperfine contribution 
co 1/Toy must be postulated in order to produce the line 
broadenings observed and still be in the exchange controlled 
limit. The transfer of unpaired spin density to nuclei 
fab removed trom (the «site (of) coordination vue the m system 


of the ligand is observed in DMF, DMA and CH.CN, and can 
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be expected in other coordinating ligands with delocalized 


molecular orbitals. 
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The Tables in Appendix A give the observed proton mag- 
netic resonance linewidths at half height and the calculated 


values of 1/T for the systems described in Chapter IV. 
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TABLE A-4 
Formyl Proton Line Broadening’ Of DMF Solutions Containing 
VO (acac) 5 
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T Spectra recorded at 60 MHz. 
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TABLE A-7 


Orci , 
Formyl Proton Line Broadening of DEF Solutions Containing 


Bis-(diphenyldithiophosphinato) -oxo-vanadium (IV) 
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Spectra recorded at 60 MHz. 
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Appendix B gives the conductance measurements of 
several solvents containing various concentrations of 
bis-(diphenyldithiophosphinato) -oxo-vanadium(IV). The 
Tables give the molarity of the phenyl complex, M, the 
measured resitance of the conductance cell, R, and the 


calculated conductance, L. 
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Solvent 


1% HMP/toluene 


53 pyridine/CS,_ 


10% HMP/toluene 
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Appendix C gives the FORTRAN computer program which 
was used to simulate EPR spectra of liquids as discussed 
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